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ABSTRACT 


This is the eighth in a series of evaluated sets of rate constants and 
photochemical cross sections compiled by the NASA Panel for Data Evaluation. 
The primary application of the data is in the modeling of stratospheric 
processes, with particular emphasis on the ozone layer and its possible 
perturbation by anthropogenic and natural phenomena. Copies of this evalua- 
tion are available from the Jet Propulsion Laboratory, Documentation Section,— 
111-116B, California Institute of Technology, Pasadena, California, 91109. 
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C. J. Howard (HO x chemistry, 0(^D) reactions, metal chemistry) 
M. J. Kurylo (SO x chemistry) 

M. J. Molina (photochemical data) 

A. R. Ravishankara (hydrocarbon oxidation) 

S. P. Sander (NO x chemistry) 

As shown above, each Panel member concentrates his effort on a given, 
area or type of data. Nevertheless, the final recommendations of the Panel 
represent a consensus of the entire Panel. Each member reviews the basis 
for all recommendations, and is cognizant of the final decision in every 
case. Communications regarding particular reactions may be addressed to 
the appropriate panel member: 


W. B. DeMore 
M. J. Molina 
S. P. Sander 

Jet Propulsion Laboratory 
183-301 

4800 Oak Grove Drive 
Pasadena, CA 91109 

D. M. Golden 
PS-031 

SRI International 
333 Ravenswood Ave. 

Menlo Park, CA 94025 

R. F. Hampson 

M. J. Kurylo' _M 

National Bureau of Standards - - - - 
Chemical Kinetics Division 
Gaithersburg, MD 20899 

C. J. Howard 
A. R. Ravishankara 
NOAA-ERL, R/E/AL2 
325 Broadway 
Boulder, CO 80303 
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Copies of this evaluation may be obtained by requesting JPL Publication 
87-41 from: 

Documentation Section 
111-116B 

4800 Oak Grove Drive 
Pasadena, CA 91109 
Telephone: (818) 354-5090 

BASIS OF THE RECOMMENDATIONS 

The recommended rate constants and cross sections are based on labora- 
tory measurements. In order to provide recommendations that are as up-to- 
date as possible, preprints and written private communications are accepted, 
but only when it is expected that they will appear as published journal 
articles. In no cases are rate constants adjusted to fit observations of 
stratospheric concentrations. The Panel considers the question of consis- 
tency of data with expectations based on the theory of reaction kinetics , 
and when a discrepancy appears to exist this fact is pointed out in the 
accompanying note. The major use of theoretical extrapolation of data is 
in connection with three-body reactions, in which the required pressure or 
temperature dependence is sometimes unavailable from laboratory measurements , 
and can be estimated by use of appropriate theoretical treatment. In the 
case -of important rate constants for which no experimental data are avail- 
able, the panel may provide estimates of rate constant parameters based on 
analogy to similar reactions for which data are available. 
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RECENT CHANGES AND CURRENT NEEDS 
OF LABORATORY KINETICS 

Laboratory studies have produced no major changes in the kinetics and 
photochemistry used to model the normal stratosphere since the publication 
of our previous evaluation, JPL Publication 85-37. There are approximately 
thirty- seven changes in the rate constant recommendations in the present 
evaluation, but these are for the most part minor. Nonetheless, an 
important refinement has been made in the rate constant for OH + HO 2 , and 
some significant changes in N0 X chemistry have also been made. Forty- two 
new reactions have been added, representing processes which play small but 
possibly significant roles in the stratosphere. Some reactions which are 
_thought_to be unimportant in the stratosphere are included for completeness 
and for possible applications to laboratory studies. 

The recent emphasis on Antarctic chemistry, with its unusual charac- 
teristics of low temperature and the presence of polar stratospheric clouds, 
has focused attention on three areas of stratospher 'c chemistry not 
previously considered very important: ( 1 ) chemistry at temperatures as low 
as 180 K; (2) heterogeneous reactions, especially on ice particles; and 
(3) certain reactions such as CIO + CIO, which are normally not competitive 
in the stratosphere because of the low CIO concentration. 

Very few laboratory studies of stratospheric - chemistry haver- been 
conducted at temperatures below 220 K, partly because of difficulties with 
enhanced surface reactivity, and because such work has not been considered 
relevant to the stratosphere. It is now apparent that increased emphasis 
should be placed on the temperature regime of 180-220 K, especially since 
the simple Arrhenius temperature coefficients of several very important 
reactions, e.g., Cl + CH 4 and HO 2 + O 3 , are not sufficiently reliable 
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for extrapolation Co very low temperatures . Indeed, Che Arrhenius equation 
may prove to be unacceptable for vide temperature ranges, because of the 
more complex dependence shown by many reactions. 

An additional aspect of low temperature chemistry is the possibly 
enhanced role of complex formation. Examples are the formation of O 2 
complexes with species such as CIO and atomic chlorine. The kinetics and 
thermochemistry for- these processes are not well known. In-this connection, 
we have now provided uncertainty estimates in the tabulation of equilibrium 
constants. Table 3. The chemistry and photochemistry of complexes may also 
be significant in certain cases. 

_ Heterogeneous chemistry on aerosol perticles has previously been 
considered to be of marginal importance in the stratosphere (i.e., see the 
discussion on heterogeneous chemistry on page 16) . It has nevertheless 
long been recognized that certain very slow gas phase processes, such as 
hydrolysis of chlorine nitrate, might be significantly accelerated on 
particle surfaces. It is now thought that such processes on ice particles 
are possibly of major importance in Antarctic ozone chemistry. The effects 
of volcanic emissions, which temporarily increase the stratospheric particle 
loading by large amounts, may also be important in short term (two to three 
year) ozone fluctuations. 

Measurements in Antarctica show that unexpectedly high concentrations 
of CIO are present in certain regions within the polar vortex. As a 
consequence, reactions such as CIO + CIO may play a major role in the 
chlorine chemistry of that region. Very little is known about the chemistry 
of the CI 2 O 2 dimer, which may exist in more than one isomeric form. In 
the present evaluation , we have not attempted to make recommendations for 
the high chlorine chemistry because of the lack of information. 
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With regard to changes made in the present evaluation, it should also 
be mentioned that a table of enthalpy data has now been added as an Appendix. 

0 ] C Reactions 

The kinetics of the O, O2, and O3 system appear to be well established. 
There remains some concern about the possible roles of excited states of O2, 
especially 02( 1 "A)t but ar present there is no evidence that these states 
have any important effects on the overall chemistry of the stratosphere. 

Bair and coworkers (Locker e£ aj,. , 1987 ) report formation of about 60 Z 
electronically excited 03( 62) as an intermediate in the 0 + O2 + M reaction. 
3 ased on their rate constant for quenching to the ground state, the ratio 
of excited O3 to ground state O3 is at most a few parts per thousand at 
60 km, and decreases sharply at lower altitudes. Thus, unless the quenching 
process itself results in chemical change, the process may be insignificant. 

CK'^D') Reactions 

The data base for 0 (^D) kinetics is in fairly good condition. There 
is good to excellent agreement among independent measurements of the absolute 
rate constants for 0 (^D) deactivation by the major atmospheric components, 
N2 and O2, and by the critical radical-producing components, H2O, CH4, N 2 0 , 
and H2- There are fewer direct studies of- the- products of the deactivation 
processes, but in most cases these details appear to be of minor importance. 
Some processes of interest for product studies include the reactions of 
O(^D) with CH^ and halocarbons. Possible kinetic energy effects from 
photolytically generated O(^D) are probably not important in the atmosphere 
but nay contribute complications in laboratory studies. The rate coefficient 
for the reaction of 0 (^D) with HCN should be measured since it may play a 
role in the atmospheric oxidation of this trace gas. 
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Our knowledge of the kinetics of H0 X radicals has continued to improve. 
The most significant development with this report is on the OH + HO2 
reaction. This reaction is a key HO x radical termination step throughout 
much of the atmosphere. New measurements by Keyser (1987) appear to explain 
a discrepancy between previous low pressure and high pressure measurements. 
Keyser has found a systematic error due to the presence of atomic H and 0 
in the low pressure discharge flow experiments . The recommended rate 
coefficient for the OH + HO2 reaction has been increased and the previous 
pressure dependence has been removed. The recommendation for k(H02 -1- O3) 
has “also been revised, but "the overall situation for this reaction is less 
satisfactory. All of the data for the temperature range 240-400 K cannot 
be fit satisfactorily with a single Arrhenius equation. The recommendation 
is weighted heavily toward the low temperature data for stratospheric 
applications. High quality measurements that avoid the limitations of the 
previous studies are still needed for both reactions. 


N0 - c Reactions 

The data base for N0 X reactions is relatively well established. The 
rate constant for the important 0 + NO2 reaction has been revised resulting 
in a 202 increase at 220 K. Our understanding of the important OH + HNO3 
reaction has improved due to confirmation of a small pressure dependence , 
which helps explain some of the earlier divergence between flash and flow 
studies. The equally important OH + HO2NO2 reaction is not as well 

characterized, particularly with regard to the temperature dependence. 
Additional studies of the HO2 + NO2 + H recombination are also needed, 
especially on the temperature dependence of the low pressure limit. 
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Recently, direct studies of soae Itey NO 3 reactions have becone available, 
greatly improving the reliability of that data base. 

The data for NH2 reactions are sparse. There are a large number of 
studies only for the NH2 + NO reactions and these show a factor of two 
discrepancy between flow and flash systems. 

... Hydrgcarfrgn Oxidation . 

Our understanding of hydrocarbon, oxidation in the atmosphere has 
improved considerably in the past few years. All hydrocarbons are released 
at the surface of the earth, and their degradation in the troposphere is 
initiated by reaction with OH (and with ozone in the case of olefins) . 
Depending on their reactivity with OH, only a fraction of the surface flux 
of hydrocarbons is transported into the stratosphere, where their oxidation 
serves as a source of water vapor. In addition, the reaction of atomic 
chlorine with these hydrocarbons (mainly CH^) constitutes one of the major 
sink mechanisms for active chlorine. Even though CH4 is the predominant 
hydrocarbon in the stratosphere, we have included in this evaluation certain 
reactions of a few heavier hydrocarbon species. 

In the stratosphere, CH^ oxidation is initiated by its reaction with 
either OH or Cl (and to a limited extent 0 (^D)), leading to formation of 
CH3 and' subsequently, CH3O2. Several details of the - subsequent chemistry 
are unclear, primarily because two key reactions are not well characterized. 
These reactions are: ( 1 ) CH3O2 + HO2, which exhibits an unusual temperature 
dependence analogous to that for the HO2 + HO2 reaction and ( 2 ) CH3OOH + OH, 
which has been recently studied in a competitive system and found to be 
extremely rapid. Discrepancies in the absorption cross sections of CH 3 0 2 
and HO2 have added to the uncertainty regarding the rate coefficient for the 
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CH3O2 + H(>2 reaction. Even though the rate constants for the two reactions 
mentioned above are not very well known, the effects of these uncertainties 
on stratospheric O3 perturbation calculations are negligible. 

One area of hydrocarbon oxidation which has seen a great deal of 
improvement is that of product analysis. However, some additional work 
may be required to measure branching ratios for reactions such as CH3O2 + 
CH3O2 and CH3O2 + HO2. 

The oxidation scheme for higher hydrocarbons has not been fully 
elucidated. However, the rate of transport of these hydrocarbons into the 
stratosphere can be easily calculated since the rates of reactions with OH 
are well known. In most cases it is expected that the radicals formed^ from 
the initial OH or Cl attack will follow courses analogous to CH3, and 
ultimately lead to CO. 

Halogen Chemistry 

The recommendations for the important C 10 x reactions have not changed 
significantly since the previous evaluation. This reflects the fact that 
most of the important homogeneous gas phase processes are well understood. 
There is a better upper limit to the rate of reaction of CIONO2 with HC 1 
and a new entry for the reaction of CIONO2 with H2O. The data indicate 
that these homogeneous gas phase reactions are too slow to be important in 
the chemistry of the stratosphere, but it is possible that the corresponding 
heterogeneous reactions may be important under certain conditions such as 
those in the atmosphere above Antarctica. There are new entries for the 
reactions of OH with seven potential alternative chlorof luorocarbons . 
There arc still a number of questions regarding the important CIO + CIO 
reaction: the absolute rate as a function of T and P; the relative 



importance of bimolecular and termolecular reaction channels as a function 
of T and P; the dependence of product branching ratios on T and P; importance 
of the dimer and its reactions and photochemistry; possible role of complex 
formation with 02 - There are only minor changes in the data base for 
reactions of BrO x and F0 X species apart from changes in the recommendations 
for the reactions of Br atoms with HO 2 andj^t^. There have been several, 
recent studies of the important BrO + CIO reaction which have improved our 
knowledge of the rate constant at room temperature, but further work is 
required to determine the temperature dependence and product ratios . 

S0 X Reactions . 

The data base on homogeneous sulfur chemistry continues to change and 
expand as we obtain more detailed laboratory data on a number of oxidative 
processes. In particular, we now have information on the temperature- 
dependence of several SH reactions important in the atmospheric oxidation 
of H 2 S and first-time information on several HSO reactions. Nevertheless, 
our understanding of the reactivity of these radicals is still far from 
complete. Similar improvements have been seen in the data for the reactions 
of SO with several atmospheric molecules (notably CIO, BrO, and NO 2 ). Of 
particular interest are the first direct measurements of H 0 S 02 _ which had 
been postulated by Stockwell and Calvert (1983) ' and Margitan (1984a) as an 
intermediate in the oxidation of SO 2 into sulfuric acid via the sequence 

OH + S0 2 + M - H0S0 2 + M 
HOSO 2 + O 2 HO 2 + SO 3 

New data by Gleason et al . (1987) and by Gleason and Howard (1987) result 
in a direct determination of the race constant for the second reaction and 
support a homogeneous gas phase SO 2 oxidation mechanism involving no net 



change in H 0 X per H2SO4 formed while negating a reaction sequence 
involving SO3 formation via the OH + HOSO2 reaction (a mechanism which 
would have resulted in the loss of two OH radicals per H2SO4 formed). 
However, there is a need for still further information on the atmospheric 
reactivity of HOSO2 and perhaps even on reactions involving its possible 
complexes with O2 or H2O. Along these .latter, .lines , a recent study .by 
Huie and Neta ( 1984 ) demonstrates that the formation of the H0S02'02 
adduct predominates in solution. While the acidic natures of both HOSO2 
and HOSO2 '02 result in their deprotonation in solution and existence as the 
SOj* and St^" anions, these results suggest the possible atmospheric 
importance of the O2 adduct "in its “hydrated form. In this and' most 
discussions, SO3 has been thought of as equivalent to sulfuric acid. This 
is supported by recent experiments by Hofmann-Sievert and Castleman ( 1984 ) 
which suggest the rapid isomerization of the adduct SC^'^O to H2SO4 
with a barrier to this process of less than 13 kcal/mol. Further information 
on the reactions of SO3 with other atmospheric^species is needed to assess 
the competition of these reactions with SO3 hydrolysis. 

Additional progress has been made in developing an understanding of 
the mechanisms of OCS and CS2 oxidation. There are now additional studies 
providing rate constant and primary product information for the reactions 
of OH with both species. In the case of CS2 there have been direct 
observations of reversible adduct formation with OH as well as further 
confirmation of its O2- enhanced pressure dependent oxidation by OH. Recent 
data for OH + OCS does not reveal a rate constant dependence on total 
pressure or O2 pressure despite the observation of direct formation of SH 
in both the CS2 and OCS reactions and the postulation of similar complex 
(adduct) mechanisms. New data indicate that the direct bimolecular reactions 
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have narkedly different Arrhenius parameters from one another, thereby 
suggesting significant energetic differences in the reaction surfaces 
describing adduct formation. Further information regarding the elementary 
steps in the oxidation of both species should further our understanding of 
complex mechanisms in general. 

Metal Chemistry 

Twelve new reactions of sodium species have been introduced in this 
evaluation. ~ Sodium is deposited in the upper atmosphere by meteors along 
with larger amounts of silicon, magnesium, and iron; comparable amounts of 
aluminum, nickel, - and calcium; and smaller amounts of potassium, chromium, 
manganese, and other elements. The interest is greatest in the alkali 
metals because they form the least stable oxides and thus free atoms can 
be regenerated through photolysis and reactions with 0 and Oj . The other 
meteoric elements are expected to form more stable oxides. 

The total flux of alkali metals through the atmosphere is relatively 
small, e.g., one or two orders of magnitude less than CEMs. Therefore 
extremely efficient catalytic cycles are required in order for Na to have 
a significant effect on stratospheric chemistry. There are no measurements - 
of metals or metal comp oun ds in the stratosphere which indicate a signifi-_ 
cant role. 

It has been proposed that the highly polar metal compounds may 
polymerize to form clusters and that the stratospheric concentrations of free 
metal compounds are too small to play a significant role in the chemistry. 

Some recent studies have shown that the polar species NaO and NaOH 
associate with abundant gases such as O2 and CO2 with very fast races in 
the atmosphere. It has been proposed that reactions of this type will lead 
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Co the produccion of clusters with many molecules attached to the sodium 
compounds. Photolysis is expected to compete with the association 
_ reactions and to limit the cluster concentrations in daylight. If 

atmospheric sodium does form large clusters , it is unlikely that Ha 
species can have a significant role in stratospheric ozone chemistry. In 
order to assess the importance of these processes, data are needed on the 
association rates and the photolysis rates involving the cluster species. 

-P h o! t « ?tt i g Bigal.. g igs.g-S g .gtlpn.a 

The absorption cross sections of O 2 around 200 nm -- that is, at the 
onset of the Herzberg continuum - - have been remeasured in the laboratory 
and are now in better agreement with the values inferred from solar 
irradiance measurements in the stratosphere. 

The temperature dependence of the absorption cross sections of HO 2 NO 2 
and H 2 02 in the 300 nm region might be significant and should be determined. 
The photochemistry of the CIO dimer, CI 2 O 2 , must be studied in detail. 

ATMOSPHERIC CHEMISTRY 
Overview 

The ozone content of earth's atmosphere can be considered to exist in 
three distinct regions, the troposphere, stratosphere, and mesosphere. The 
unpolluted troposphere contains small amounts of ozone, which come from both 
downward transport from the stratosphere and from in situ photochemical 
production. The chemistry of the global troposphere is complex, with both 
homogeneous and heterogeneous (e.g., rain-out) processes playing important 
roles. The homogeneous chemistry is governed by coupling between the 
carbon/nitrogen/hydrogen and oxygen systems and can be considered to be 
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more complex chan the chemistry of the stratosphere, due to the presence 
of higher hydrocarbons, long photochemical relaxation times, higher total 
pressures, and the high relative humidity which may affect the reactivity 
of certain key species such as HO 2 . Significant progress is being made 
in tinderstanding the coupling between the different chemical systems, 
especially the mechanism of methane oxidation which partially controls 
the odd hydrogen budget. This is an important development, as reactions 

of the hydroxyl radical are the primary loss mechanism for compounds 
containing C-H (CH^, -CH 3 CI, CHF 2 CI, etc.) or C-C (C 2 CI 4 , C 2 HCI 3 , C 9 H 4 ,' 
etc.), thus limiting the fraction transported into the stratosphere. 

The stratosphere is the region^ of -the atmosphere where the bulk of 
the ozone resides, with the concentration reaching a maximum value of 
about 5 x 10 ^ molecule cm"^ at an altitude of -25 km. Ozone in the 
stratosphere is removed predominantly by catalytic (i.e. , non- Chapman) 
processes, but the assignment of their relative importance and the 
prediction of their future impact are dependent on a detailed understanding 
of chemical reactions which form, remove and interconvert the catalytic 
species. A. model calculation of stratospheric composition may include 
some 150 chemical reactions and photochemical processes, which vary greatly 
in their importance in controlling the density of ozone. Laboratory 
measurements of the rates of these reactions have progressed rapidly in 
recent years, and have given us a basic understanding of the processes 
involved, particularly in the upper stratosphere. Despite the basically 
sound understanding of overall stratospheric chenistry which presently 
exists, much remains to be done to quantify errors, to identify reaction 
channels positively, and to measure reaction rates both under conditions 
corresponding to the lower stratosphere (-210 K, -75 torr) as well as the 
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.top of the stratosphere (-270 K, .-1 torr) . As previously mentioned, 
Antarctic conditions require the consideration of even lower temperatures . 

The chemistry of the upper stratosphere, i.e. 30-50 km, is thought to 
be reasonably well defined, although there appear to be some significant 
differences between the predicted and observed chemical composition of 
this region of the atmosphere which, may be due to inaccurate rate data or 
missing chemistry. In this region the composition of the atmosphere is 
predominantly photochemlcally controlled and the photolytic lifetimes of 
temporary reservoir species such as H0C1, HO 2 NO 2 , CIONO 2 , N 2 O 5 and H 2 O 2 
are short and hence they play a minor role. Thus the important processes 
above 30 km all involve atoms and small molecules. The majority of 
laboratory studies of these reactions has been carried out under the 
conditions of pressure and temperature which are encountered in the upper 
stratosphere, and their overall status appears to be good. Mo significant 
changes in rate coefficients for the key reactions such as Cl + O 3 , NO + CIO, 
NO + O 3 , etc., have occurred in the last few years. Historically, a major 
area of concern in the chemistry of the upper stratosphere has involved the 
reaction between HO and HO 2 radicals, which has had considerable uncertainty 
in the rate constant. This H0 X termination reaction plays an important role 
in determining the absolute concentrations of HO and HO 2 , and. since HO plays' 
a central role in controlling the catalytic efficiencies of both N 0 X and 
C10 x , it is a reaction of considerable importance. Recently the uncertainty 
in the rate coefficient for the reaction has decreased, now being thought 
to be about a factor of 1.3 to 1.8 over the range of atmospheric conditions. 
It should be noted that the HO + H 2 O 2 , HO + HNO 3 and HO + HO 2 NO 2 reactions 
have little effect on controlling the H0 X concentrations above 30 km. 
For reactions such as O + HO and 0 + HO 2 , which control the H0 X radical 



partitioning above 40 km, the data base* can be considered to be quite good. 

One area in which additional studies may be needed is that of excited 
state chemistry, i.e. , studies to determine whether electronic or vibrational 
states of certain atmospheric constituents may be more important than hitherto 
recognized. Possible examples are O 2 *, O 3 *, HO*, or N 2 *. 

The chemistry of the lower stratosphere is quite complex, with signifi- 
cant coupling between the HO x , N0 X and C10 x families. In this region of 
the atmosphere (15-30 km), both dynamics and photochemistry play key roles 
in controlling the trace gas distributions. It Is also within this region 
that the question of the pressure and temperature dependences of the rate 
coefficients is most critical; due to the low temperatures (210 K and lower) 
and the high total pressures (30-200 torr) . 

Heterogeneous Effects 

A continuing question in stratospheric modeling is whether or not 
aerosols perturb the homogeneous chemistry to a significant degree. This 
question has assumed much greater importance in connection with the possible 
role of polar stratospheric clouds in Antarctic chemistry. Effects could 
arise through the following processes: 

1. Surface catalysis of chemical reactions. 

2. Production or removal of active species. 

3. Effects of aerosol precursors such as SO 2 . 

In NASA Reference Publications 1010 and 1049, processes 1 and 2 above 
were discussed in general terms. It was shown that, with a few possibly 
significant exceptions, surface catalysis of chemical reactions is not 
expected to compete with the rates of homogeneous gas phase reactions. 
The essential reason is that the frequency of collision of a gas phase 
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molecule. with the aerosol surface is typically of the order of 10 *^ sec* 1 -, 
whereas most of the key gas phase reactions occur with much greater 
frequency, for example, conversion of atomic chlorine to HC1 by the Cl + 

CH^ reaction (10 * 2 sec"*-). Thus, even in the unlikely case of unit 
reaction efficiency on the aerosol surface the heterogeneous process 

cannot be significant. Possible exceptions occur for reactions which are — 

extremely slow in the gas phase, such as hydrolysis of an anhydride, 
as in the reaction N 2 O 5 + H 2 O *♦ 2 HNO 3 . There remains some uncertainty 
with regard to the role of these latter processes. 

It was also shown In NASA Publications 1010 and 1049 that there is 
no evidence that aerosols serve as significant' sources “or sinks of the 
major active species such as chlorine compounds. However, Hunten et al , 

(1980) have suggested that dust particles of meteoritic origin may scavenge 
metallic atoms and ions, and in particular may remove Na diffusing from the 
mesosphere in the form of absorbed NaOH or Na 2 S 0 ^. 

Although it appears that aerosols do not greatly perturb the ambient 
concentrations of active species through direct interaction with the 
surfaces, the aerosol precursors may significantly perturb the stratospheric 
cycles through removal of species such as OH radicals. For example, a 
large injection of SO 2 , such as that-which occurred in the El Chichon 
eruption, has the potential of significantly depleting H0 X radical concen- 
trations, as was discussed in the section on S0 X chemistry. It must be 
reiterated, however, that recent studies of the mechanism of SO 2 oxidation 
have shown that OH plays a catalytic role, and, therefore, the process does 
not result in a net loss of OH from the system. 
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The effects of aerosols on the radiation field and on the temperature 
may also need to be considered. These effects are probably snail, however. 

There are two problems with regard to detecting the effects of aerosol 
Injections such as that following the El Chichon eruption. One is that no 
adequate baseline exists for the unperturbed atmosphere , and therefore a 
given observation cannot unambiguously be assigned to the enhanced presence 
of the aerosol loading. A second problem is that, as already discussed, 
the effects are expected to be subtle and probably of small magnitude. 
Thus, in spite of large changes that may “occur in the aerosol content 
of the lower stratosphere, effects on the chemical balance will be 
difficult to detect. ‘ 

RATE CONSTANT DATA 

In Table 1 (Rate Constants for Second Order Reactions) the reactions 
are grouped into the classes 0 X , 0(^D) , H0 X , N0 X , Hydrocarbon Reactions, 
C10 x , BrO x , F0 X , and S0 X . The data in Table 2 (Rate Constants for Three- 
Body Reactions), while not grouped by class, are presented in the same order 
as the bimolecular reactions. Further, the presentation of photochemical 
cross section data follows the same sequence. 

Bimolecular Reactions ' * ... .1 . .. 

Some of the reactions in Table 1 are actually more complex than simple 
two -body reactions. To explain the anomalous pressure and temperature de- 
pendences occasionally seen in reactions of this type, it is necessary to 
consider the bimolecular class of reactions in terms of two subcategories, 
direct (concerted) and indirect (non-concerted) reactions. 
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A direct or concerted bimolecular reaction is one in which the reac- 
tants A and B proceed to products C and D without the intermediate formation 
of an AB adduct which has appreciable bonding, i.e., no stable A-B molecule 
exists, and there is no reaction intermediate other than the transition 
state of the reaction, (AB)'*. 


A + B - (AB)* 4 - C + D 

The reaction of OH with CH^ forming H2O + CH3 is an example of a reaction 
of this class.- -- - . . 

Very useful correlations between the expected structure of the transi- 
tion state [AB]’ 4 and the A-factor of the reaction rate constant can be 
made, especially in reactions which are constrained to follow a well-defined 
approach of the two reactants in order to minimize energy requirements in 
the making and breaking of bonds. The rate constants for these reactions 
are well represented by the Arrhenius expression k - A exp(-E/RT) in the 
200-300 K temperature range. These rate constants are not pressure dependent. 

The indirect or non-concerted class of bimolecular reactions is charac- 
terized by a more complex reaction path involving a potential well between 
reactants and products, leading to a bound adduct (or reaction complex) 
formed between the reactants A and B: 

A + B Z [AB]* - C + D 

The intermediate [AB]* is different from the transition state [AB]' 4 , in that 
it is a bound molecule which can, in principle, be isolated. (Of course, 
transition states are involved in all of the above reactions, both forward 
and backward, but are not explicitly shown.) An example of this reaction 


19 


w 




type is CIO + NO, which normally produces Cl + NO 2 as a bimolecular 
product, but which undoubtedly involves C10N0 (chlorine nitrite) as an 
intermediate. This can be viewed as a chemical activation process forming 
(CIONO)* which decomposes to the ultimate products, Cl + NO 2 . Reactions 
of the non-concerted type can have a more complex temperature dependence, 
can exhibit a pressure dependence if the lifetime of [AB]* is comparable 
to the rate of collisional deactivation of [AB]*. This arises because the 
relative rate at which [AB]* goes to products C + D vs. reactants A + B is 
a sensitive function of its excitation- energy. • Thus, in reactions of this 
type, the distinction between the bimolecular and termolecular classification 
- becomes less meaningful, and it is especially necessary to study such 
reactions under the temperature and pressure conditions in which they are 
to be used in model calculations. 

The rate constant tabulation for second-order reactions (Table 1) is 
given in Arrhenius form: k(T) — A exp ( ( -^) (^) ) and contains the following 

information: 

1. Reaction stoichiometry and products (if known). The 
pressure dependences are included, where appropriate. 

2. Arrhenius A- factor. 

3. Temperature dependence and associated uncertainty 
(’activation temperature" E/R±aE/R) . 

_ 4. Rate constant at 298 K. - 

5. Uncertainty factor at 298 K. 

6. Note giving basis of recommendation and any other 
pertinent information. 
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(where the value is suitable for air as the third body) , together with the 
recommended value of n. Where pressure fall-off corrections are necessary, 
an additional entry gives the limiting high pressure rate constant in a 
similar form: 


tc»(T) - k3°°(T/300)'® cm 3 molecule* 1 s* 1 . 

To obtain the effective second-order rate constant for a given condition of 
temperature and pressure (altitude), the following formula is used: 


k(Z) - k(M,T) - (- 


c [Ml ; 

1 + (k 0 (T) [M]/k a> (T)) J 


-) 0.6 


{1 + [log 10 (k o (T)[Ml/k a ,(T))l 2 )- 1 


The fixed value 0.6 which appears in this formula fits the data for all 
listed reactions adequately, although in principle this quantity may be 
different for each reaction. 

Thus , a compilation of rate constants of this type requires the stipu- 
lation of the four parameters, k o (300), n - , k„(300) , and m. These- can 
be found in Table 2. The discussion that follows outlines the general 
^ methods we have used in establishing this table, and the notes to the table 

discuss specific data sources. 

rt 
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Low-Pressure Limiting Rate Constant (k£(T)) 

Troe (1977) has described a simple method for obtaining low-pressure 
limiting rate constants. In essence this method depends on the definition: 

k£(T) -/J x k* sc <r> 

Here sc signifies "strong" collisions, x denotes the bath gas, and 0 X is 
an efficiency parameter (0 < 0 < 1) , which provides a measure of energy 
transfer. 

The coefficient /? x is related to the average energy transferred in a 
collision with gas x, <AE> X , via: 

lx ' “ 

l-^ x 1/2 F e kT 


Notice that <AE> is quite sensitive to 0. F E is the correction factor of the 
energy dependence of the density of states (a quantity of the order of 1.1 for 
most species of stratospheric interest) . 

For many of the reactions of possible stratospheric interest reviewed 
here, there exist data in the low-pressure limit (or very close thereto), and 
we have chosen to evaluate and unify this data by calculating k£ sc (T) for 
the appropriate bath gas x and_ computing the value of /^corresponding to the 
experimental value [Troe (1977)). A recent compilation (Patrick and Golden, 
1983) gives details for many of the reactions considered here. 

From the 0^ values (most of which are for N 2 , i.e., 0n^, we compute 
<AE> X according to the above equation. Values of <AE>jj^ of approximately 
0.3-1 kcal mole"^ are generally expected. If multiple data exist, we average 
the values of and recommend a rate constant corresponding to the 0$^ 

computed in the equation above. 
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Where no data exist we have estimated the low-pressure rate constant by 
taking — 0.3 at T - 300 K, a value based on those cases where data exist. 

Temperature Dependence of Low-Pressure Limiting Rate Constants: n 

The value of n recommended here comes from a calculation of <AE>^ from 
the data at 300 K, and a computation of (200 K) assuming that <AE>^ is 
independent. of _temperature in this range. This 0 ^ (200 K) value is combined 
with the computed value of k Q sc (200 K) to give the expected value of the 
actual rate constant at 200 K. This latter in combination with the value 
at 300 K yields the value of n. 

This procedure can be directly compared with measured values of k 0 
(200 K) ^when those exist. Unfortunately" very few values at 200 K are 
available. There are often temperature-dependent studies, but some ambiguity 
exists when one attempts to extrapolate these down to 200 K. If data are 
to be extrapolated beyond the measured temperature range, a choice must be 
made as to the functional form of the temperature dependence. There are 
two generalways of expressing the temperature dependence of rate constants. 
Either the Arrhenius expression k 0 (T) - Aexp(-E/RT) or the form k 0 (T) - A' 
T' n is employed. Since neither of these extrapolation techniques is soundly 
based, and since they often yield values that differ substantially, we have 
used the method explained earlier as the basis of our recommendations. 

High-Pressure Limit Rate Constants [k^T)] 

High-pressure rate constants can often be obtained experimentally, but 
those for the relatively small species of atmospheric importance usually 
reach the high-pressure limit at inaccessibly high pressures. This leaves 
two sources of these numbers, the first being guesses based upon some model, 
and the second being extrapolation of fall-off data up to higher pressures. 
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Stratospheric conditions generally render reactions of interest ouch closer 
to the low-pressure limit, and thus are fairly insensitive to the high- 
pressure value. This means that while the extrapolation is long, and the 
value of k^CT) not very accurate, a "reasonable guess” of k^T) will then 
suffice. In some cases we have declined to guess since the low-pressure 
limit is effective over the entire range of stratospheric conditions. 


Temperature Dependence of High-Pressure Limit Rate Constants: m 

There are very little data upon which to base a recommendation for 
values of m. Values in Table 2 are estimated, based on models for the tran- 
sition state of bond association reactions and whatever data are available. 

Isomer Formation 

A particular problem with association reactions arises vhen there are 
easily accessible isomeric forms of the molecule AB. In this situation, if 
the laboratory measurement of the rate constant is accomplished by following 
the disappearance of reactants, the value ascertained may be the sum of two 
or more processes that should be measured and tabulated independently. A 
specific example of such a case is found in Table 2 for the reactions of 
Cl-atoms with NO 2 . These reactants may come together to fora either CINO 2 
or ClONO. Whether or not isomer formation, such as discussed above, is 
important depends on the relative stability of the possible products. At 
the moment the only case that we are sure about Is the above example. In 
the past however, there was some thought that data on the reaction between 
CIO radicals and NO 2 could be understood only in terms of the formation of 
both chlorine nitrate (CIONO 2 ) and other isomers (C100N0, OCIONO) . Experi- 
ments have shown that this is not the case and that chlorine nitrate is the 
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sole product. This question is discussed at some length in note 16 o£ 
Table 2. 

There are many other possibilities for isomer formation in the reac- 
tions listed in Table 2. In some of the notes we have specifically pointed 
this out, but even for reactions where no mention is made of isomers, because 
we felt that they could not contribute under atmospheric conditions, extrap- 
olation to higher pressures and lower temperatures should be done with the 
possibilities kept in mind. 

Uncertainty Estimates 

For second-order rate constants in Table 1, an estimate.of the uncer- 
tainty at any given temperature may be obtained from the following expression: 

f(T) - f (298) exp | ( 1 - ^ ) | 

An upper or lower bound (corresponding approximately to one standard devia- 
tion) of the rate constant at any temperature T can be obtained by multiplying 
or dividing the value of the rate constant at that temperature by the factor 
f(T). The quantities f(298) and AE/R are, respectively, the uncertainty in 
the rate constant at 298 K and in the Arrhenius temperature coefficient, as 
listed in Table 1. This approach is based on the fact that rate constants 
are almost always known with minimum uncertainty at room temperature. The 
overall uncertainty normally increases at other temperatures, because there 
are usually fewer data and it is almost always more difficult to make 
measurements at other temperatures. It is important to note that the 
uncertainty at a temperature T cannot be calculated from the expression 
exp(AE/RT) . The above expression for f (T) must be used to obtain the 
correct result. 
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The uncertainty represented by f(298) is normally sy mmetric; i.e., the 
rate constant may be greater than or less than the central value, k(298) , 
by the factor f (298) . In a few cases in Table 1 asymmetric uncertainties 
are given in the temperature coefficient. Examples of symmetric and asym- 
metric error limits are shown in Figure 1. 

For three-body reactions (Table 2) a somewhat analogous procedure is 
used. Uncertainties expressed as increments to k c and k^ are given 
for these rate constants at room temperature. The additional uncertainty 
arising from the temperature extrapolation is expressed as an uncertainty 
in the tempera ture coefficients n and m. 

"The assigned uncertainties represent the subjective judgment^ j?f the 
Panel. They are not determined by a rigorous, statistical analysis of the 
data base, which generally is too limited to permit such an analysis. 
Rather, the uncertainties are based on a knowledge of the techniques, the 
difficulties of the experiments, and the potential for systematic errors. 
There is obviously no way to quantify these "unknown" errors. The spread 
in results among different techniques for a given reaction may provide some 
basis for an uncertainty, but the possibility of the same, or compensating, 
systematic errors in all the studies must be recognized. Furthermore, the 
probability, distribution may not follow the normal,. -Gaussian form. For 
measurements subject to large systematic errors, the true rate constant may 
be much further from the recommended value than would be expected based on 
a Gaussian distribution with the stated uncertainty. As an example, the 
recommended rate constants for the reactions HO 2 + NO and Cl + CIONO 2 
have changed by factors of 30-50, occurrences which could not have been 
allowed for with any reasonable values of a in a Gaussian distribution. 


Jt 


26 


/: 

a 


rr 


li 

m 



+r 


The H+Oj Reaction 






Pnits 

i 

The race conscancs are given in unics of concentraCion expressed as 
1 molecules per cubic cenCimeCer and time in seconds. Thus, for firsc-, 

, second* , and third- order reactions Che units of 1c are s* 1 -, cm 1 molecule* 1- 

s* 1- , and cm® molecule* 2 s* 1- , respectively. Cross sections are expressed as 
cm 2 molecule* 1- , base e. 
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Tibla-L Rata Coni tints for SecondOrder Reactions* 


Reaction 

1-faetor? 


kf288 X) 

f(2S8) b 

Rotes 

M 

0 + 0 2 - Oj 

(See Table 2) 

O x Reactions 




0 + Oj - Oj + o 2 

i.OxlO -12 

20801230 

8. 0x10* 13 

1.13 

A1 



OI 1 !)) Reaction* 




0(*D7 ♦ IjO - * 2 V Oj* 

4.8xio -11 - 

- -01100 — 

- *.8xlO -11 — 

1.3 

42, 43 ' 

•* so t n 

8.7xlO -11 

01100 

8.7xlO -11 

1.3 

42, 43 

_ k 0(*D) + HjO ■*_0B + OB 

. 2.2X10 -10 

_ 01100 

2.2X10* 10 

1.2 _ . 

42. 44 

0I 1 !)) + CH 4 OH + CSj 

1.4xlO -10 

01100 

1.4x10* 10 

1.2 

42, 43 

■» Hjj + ChjO 

_1.4xlO -11 

_ 01100 

1.4x10* 11 

1.2 

42, 43 

0(^D) + Hj - OB + H 

I.OxlO -10 

01100 

I.OxlO -10 

1.2 

42 

Of 1 !)) + » 2 - 0 + I 2 

l.SxlO -11 

-11101100) 

2.8xl0 -11 

1.2 

42 

0(^D) V I 2 ” > 2 0 

(See Table 2) 





Ot^TJ) + 0 2 - 0 + 0 2 

3,2xlO -11 

-1701100) 

4.0X10* 11 

1.2 

A2 

Of 1 !)) ♦ 00 2 - O + COj 

7.4xlO -11 

-11201100) 

l.lxlO* 10 

1.2 

42 

oihn * o 3 - o 2 + o 2 

1.2X10 -10 

01100 

1.2xl0 -10 

1.3 

42, 48 

- o 2 + 0 * 0 

1.2X10" 10 

01100 

1.2xl0 -10 

1.3 

42, 48 

k 0(4)) + aci - products 

1.3X10 -10 

01100 

1.3x10* 10 

1.2 

42. 47 

OI 1 !)) + HP - OB + 7 

1.4xlO -10 

01100 

1.4X10* 10 

2.0 

A0 

# 0(*D) + HBr -• products 

1.3X10 -10 

01100 

l.SxlO* 10 

1.0 

40 

#0(^0 + Cl^ products 

2.SX10 -10 

01100 

2. 8x10* 10 

2.0 

A10 

OI 1 !)) + CC1 4 — products 

3.3X10 -10 

01100 

3. 3x10* 10 

1.2 

42, 411 


* Unit* ar* ca 3 /nol*cale-aec. 

b ft298) ia tli* uncertainty at 288C. To calculat* th* uncertainty at other temperature* , 

uae th* expression: flT) » £1288) exp | ( 1 - — 1- ) |. Hot* that th* exponent la 

.... K T 298 

absolute value. 

• Indicate* a chance Iron the previous Panel evaluation IJPL 83-37). Snail round-off chances 
have been Bade for several entries In th* table; these ax* not narked by asterisks. 

# Indicate* a nee entry that was not in th* previous evaluation. 
k Indicates a chance in the Kota. 
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Table 1. (Continued) 




Reaction 

A-Fector* 

I/RKAT/R) 

k(298 £) 

f(298) b 

Rotes 

0{4» * CFClj ■* products 

2.3xl0* 10 

01100 

2.3xl0* 10 

1.2 

A2, 

All 

0(4)) * CP^Clj ■» products 

1.4xl0* 10 

01100 

1.4X10* 10 

1.3 

A2, 

All 

0(4)) + cf 4 - cf 4 0 

l.axio* 13 

01100 

l.BxlO* 13 

2.0 

A2. 

All 

0(4)) 1 CCl^O - products 

3.8X10 -10 

01100 

3.8xl0* 10 

2.0 

A2, 

A12 

0(*D) ♦ CFC10 *• products 

I.9X10- 10 

01100 

'l.OxlO* 10 

2.0 

A2. 

A12 

0(4)) + CPjO - products 

7.4X10* 11 

ouoo 

7.4X10* 11 

2.0 

A2. 

A12 

0(4)) + BHj -• OH + HHj - 

- - 2.5xl0* 10 

01100 

2. 5x10* 10 

1.3 

A2. 

A13 



BO Reactions 





M 







H ♦ 0 2 - B0 2 

(See Table 2) 






h + o 3 - oa + o 2 

1.4xl0* 10 

4701200 

2.9xl0* U 

1.25 

81 


* H ♦ B0 2 “• products 

8. lxlO -11 

01200 

B.lxlO* 11 

1.3 

B2 


0 + OB - 0 2 + H 

2.2X10* 11 

-(1201100) 

3.3xlO* U 

1.2 

33 


& 0 + B0 2 - OH + 0 2 

3.0X10* 11 

-(2001100) 

5.9xl0* U 

1.2 

34 


0 + HjOj - OH + ao 2 

1.1x10* 33 

200011000 

1.7X10* 13 

2.0 

35 


* oh + ao 2 - h 2 o + o 2 

a.exio* 11 

-(2301200) 

l.OxlO* 10 

1.3 

36 


& OH + 0 3 -» H0 2 + 0 2 

1.6X10* 12 

9401300 

6.8xl0* 14 

1.3 

B7 


OH + CB - H 2 0 + 0 

4.2xl0* 12 

2401240 

1.9X10* 12 

1.4 

88 


M 







-h 2 0 2 

(See Table 2) 




_ _ 



oh + n^> 2 - h 2 o + bo 2 

3.3X10* 12 

““SS 

1.7X10* 12 

1.3 

89 


OH t Hj ■» H 2 0 + H 

5.3X10* 12 

20001400 

6. 7x10* 13 

1.2 

B10 



* Units srs cm 3 /isolecule-iec. 

b £(298) Is tbs 'uncertainty st 298X. To cslculsts tbs uncertainty st c the r teraperatares, 
usa tbs expression : f(T) - £(298) exp | ^ ^ ) |. lot* that tbs sxponsnt is 


absoluta vslus. 

* Indicates a chans* from the previous Panel evaluation (JFL 45-37). bill round-o££ chanses 
have bean made lor several entries in the table; tbas* are sot marked by asterisks. 

# Indicates a new entry that was not in the previous evaluation. 

& Indicates a chanse in the Bote. 
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Table 1. (Continued) 


Reaction 

A-Faetor* . 

E/RKAZ/R) 

k(298 K) 

{(298) b 

Not4S 

t H 0 2 + ao 2 * HjOj ♦ 0 2 

2.3xl0* 13 

-(8001200) 

1.7X10' 12 

1.3 

an 

M 

- Hj 0 2 V o 2 

1.7xlO* 33 [H] 

-(10001*00) 

*.9xl0' 32 (M) 

1.3 

Bll 

• H0 2 + Oj - OB ♦ 20 2 

1.1x10-“ 

300i «S 

2.0xl0* 13 

1.3 

B12 



»0 X Reactions 




N ♦ 0 2 -♦ HO 4* 0 

♦.lxlO* 12 

32001400 

S.OxlO* 17 

1.23 

Cl 

H + Oj - HO + 0 2 

- 

- 

<1.0xl0* 13 

- 

C2 

Tl ♦ HO -^Hj ♦ 0 

3.*xl0* U 

01100 

~3.*.10* U 

1.3 

C3 ~ 

4 H ♦ H0 2 - HjO ♦ 0 

- 

- 

3.0X10* 12 

3.0 

C* 

M 

0 + HO - B0 2 

(Sea Table 2) 

— - — 

- - - 

- 

- ■■ 

* 0 + H0 2 - HO + 0 2 

S.SxlO* 12 

-(1201120) 

9. 7x10* 12 

1.1 

C5 

M 

0 + H0 2 - HOj 

(See Table 2) 





0 + H0 3 - 0 2 + H0 2 

l.OxlO* 11 

01130 

l.OxlO* 11 

1.3 

C6 

0 + HjOj ■* products 

- 

- 

<3.0rl0* 16 

- 

C7 

0 + BHOj - OB ♦ H0 3 

- 

- 

<3.0xl0* 17 

- 

C3 

0 + B0 2 H0 2 ■» products 

7.8X10* 11 

3*001730 

8.6xl0* 16 

3.0 

C9 

0 3 + NO - H0 2 ♦ 0 2 

2. 0x10* 12 

1*001200 

1.8x10* 14 

1.2 

CIO 

& NO + B0 2 - H0 2 + OB 

3.7X10* 12 

-(2*0180) 

8.3X10* 12 

1.2 

Cll 

* NO + H0 3 - 230j 

1.7xl0* U 

-(1501100) 

2.9xlO* U 

1.3 

C12 

H 

OH + HO - SOHO 

(Sea Table 2) 


- 


•. 

M 

OH ♦ H0 2 *« HUOj 

(Sea Table 2) 




- - 


* Unit* ax* ca 3 /aal*cul*-s*e. 

b {(298) is tha uncertainty at 298X. To calculate the uncertainty at other teoparaturas , 

uta tha expression: I(T) “ {(293) exp | — ( 1 - -1- ) | . Kota that tha exponent is 

.... » T 298 

absolute value. 

* Indicate* a chan** fxoai the previous Panel evaluation (JPL 83*37). Small round-oil changes 
have bean mad* lor several entries in tha table; that* ax* not narked by asterisks . 

* Indicates a nee entry that was not in the previous evaluation. 

& Indicates a change in the Kota. 
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Table 1 


(Continued) 


Kaactlon 

A-F»etor* 

E/RKAZ/R) 

k(2S4 T) 

f(2»8) b 

Notes 

& oh + aaOj - HjO ♦ no 3 

(Saa Iota C13 

and # balm*) 


1.3 

C13 

& oa + BOjltOj ■» products 

1.3x10* 12 

-(380± 27 ®) 

4.8X10* 12 

1.5 


M 

HO z ♦ «0 2 - B0 2 B3 2 

(Saa Tibia 2) 





0 3 ♦ «0 2 - W 3 + 0 2 

1. 4x10* 23 

23001140 

3. 2x10* 17 

1.15 

CIS 

0 3 + HK> 2 - 0 2 + HSOj 

- 

- 

- <3.0xl0* 19 - 

— — - 

C16 

H 

W°2 ♦ I»3 - B 2 °5 

(Saa Tibia 2) 





& HjOj ♦ Hj,0 - ZHMOj 


. - 

<2.0xl0* 21 


C17 

& OH + KHj - H 2 0 + KH 2 

3. 6x10* 12 

9301200 

1.6x10* 13 

1.4 

C18 

NH 2 + BO^ -• products 

- 

■ “ 

3.4X10* 11 

2.0 

C19 

& ♦ HO -• products 

3. 8x10* U 

-(4301150) 

1.7x10* 11 

2.0 

C20 

& NH 2 + B0 2 •* products 

2. lxlO* 12 

-(6301230) 

l.SxlO* 11 

3.0 

C21 

St NH 2 + 0 2 -• products 

- 

- 

<3.0xl0* 18 

- 

C22 

NH 2 ♦ Oj -• products 

*.axio* 12 

330±500 

2.1xl0* 13 

3.0 

C23 


Hydrocarbon Reactions 



* CB + CO - C0 2 + H 1.3xl0" 13 (l-H3.6P #ta ) 

01300 1. 

5xl0* 13 (l+O.6P lta ) 1.3 

D1 

OH + CH 4 -* CH 3 ♦ HjO 

2.3xl0* 12 

1700±200 

7.7X10* 15 

1.2 

D2 

# OH + U CH 4 - + HjO 

(Saa Kota) 




D3 

OH + C^g - H 2 0 ♦ C 2 Hj 

1.1x10* 11 

U00±200 

2.8xl0* 13 

1.2 

D4 

a Units are cm 3 /molecule- sec 





- 


b f(298) is the uncertainty 

at 298K. To calculate the uncertainty at other 

temperatures , 


use the expression: f(T) 

absolute value. 

- f (298) exp | — 

a 

( A --»- 1 1. 
T 238 

Bote that the 

exponent is 

• - 

* Indicates a change from the previous Panel evaluation ( JPL 

85-37). Small 

round-off changes 



have been mad* for several entries in the table; these ira not marked by as t •risk*. 

# Indicates a new entry that was not in the previous evaluation. 

& Indicates a chans* in the Bote. 

* CH * H30 3 pressure and temperature dependence fit by 

k [Ml ( k o “ 72 x 10 15 •*P<7*3/T) 

1CM.T) - k ♦ 3 Kith | k, - 4.1 x 10* 16 axp(1440/T) 

k 3 1M1 ) k - 1.9 x 10* 33 txp(7Z3/T) 

1 ♦ » 
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Table 1. (Continued) 


08 + C 3 H 8 - h° + C 3 H 7 

1.4X10* 11 

7301200 

l.lxlO’ 12 

1.3 

D3 

08 ♦ CjH^ ■* products 

(Sea Table 2) 





08 + CjHj - products 

(See Table 2) 





08 + HjCO - HjO + aco 

l.OxlO* 11 

01200 

l.OxlO* 11 

1.23 

D6 

08 + CHjCaO - CHjCO ♦ h 2 o 

S.OxlO* 12 

-(2301200) 

1.4X10* 11 

1.4 

D7 

08 + CRjOOB — products 

1-OxlO* 11 

01200 

l.OxlO* 11 

2.0 

D8 

OS + BOH -* products 

1.2xl0* 13 

4001130 

3.1X10* 1 * 

3.0 

D9 

08 ♦ CHjCH - products 

4.5xl0* 13 

9001400 

2.2X10* 1 * 

2.0 

D10 

a0 2 + CHjO ■* adduct 

- 

- 

4.3xl0* 14 

10.0 

Dll 

0 + BOI— • products- — — 

-- l.OxlO* 11 

400011000 

' "~1.3xl0* 17 

10.0 

DU 

0 + *• products 

3.0xl0" U 

16001230 

1.4xl0* 13 

1.3 

013 

0 + HjCO -* products 

3.4X10* 11 

16001230 

l.BxlO* 13 

1.25 

DU 

0 ♦ CH 3 CH0 - C3 3 CO + CH 

l.SxlO -11 

11001200 

4.3xl0* 13 

1.23 

D15 

0 + CH 3 *• products 

l.lxlO* 10 

01230 

1.1x10* 10 

1.3 

D16 

CH 3 ‘♦"02"* P roduct * 

- 

- 

<3.0xl0* 18 

- 

D17 

M 

CHj + 0 2 - CH 3 0 2 

(See Table 2) 





CH 2 0H + 0 2 - CH 2 0 + H0 2 

9.6xl0* 12 

01300 

9.6X10* 12 

1.3 

D18 

CH 3 0 + 0 2 - CHjO + B0 2 

3.9xl0* U 

9001300 

l.OxlO* 13 

1.5 

DX9 

hco + a 2 - co + ho 2 

3. 3x10* 12 

-(1401140) 

- 3.3X10* 12 

1.3 

D20 

CH-, ♦ 0 3 •* products 

5.4xl0* 12 

2201130 

2. 8x10* 12 

2.0 

D21 

CH 3 0 2 ♦ 0 3 - products 

- 

- 

<3 . OxlO* 17 

- 

D22 


a Units srs ea 3 /mol*cul*-s*c. 

b £(298) is tii* uncertainty at 298K. To calculat# the uncertainty at other temperatures , 

us* th* expression: £{T) ■ £(298) exp | — ( ) |. Hot* that the exponent is 

. . . R T 298 

absolute value. 

* Indicates a chance from the previous Panel evaluation (JPL 83*37). Snail round*o££ chances 
have been nede for several entries in th* table; these are not narked by asterisks. 
t Indicates a new entry that was not in th* previous evaluation. 

& Indicates a chance in th* Hot*. 
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Table 1. (Continued) 




, Reaction 

i 

* CH^Oj ♦ CH 3 0 2 - product* 

A~ntMi 

l.flxio' 13 

E/KK&E/K) 

-(2201220) 

KU??. 

4.0x10* 13 

1.5 

E2S2 

D23 

ch 3 o 2 ♦ HO - CH-jO + »o 2 

4.2X10* 12 

-C 1*01180) 

7.6X10* 12 

1.2 

024 

t M 

ca 3°2 + «»2 - “iV 0 : 

(Sss Table 2) 





CELj 0 2 ♦ B0 2 - CHjOOO + 0 2 

7.7xlO* U 

-< 130 «1300 

8.0xl0* U 

3.0 

D2S 

* KOj ♦ CO «• products . — 

. . 


<4. 0x10* 19 

- 

026 

H0 3 ♦ CH 2 0 -• products 

- 

- 

S.OxlO* 16 

1.5 

027 

# HOj ♦ CRjCBO -• products 

1.4xlO* U 

19001300 

2.4xl0* 15 

1.3 

028 



CIO Reactions 




J & Cl + Oj - CIO ♦ 0 2 

2.9xlO* U 

2601100 

1.2xl0* U 

1.15 

El 

Cl + H 2 - BC1 + H 

3.7xlO* U 

23001200 

rrsxio* 1 * 

1.25 

- E2 

ci + ca 4 - bci + ch 3 

l.lxlO* 11 

14001130 

1.0x10* 13 

1.1 

E3 

Cl * C^ 6 - BC1 ♦ C 2 H 5 

7.7X10' 11 

90 ±20 

3.7X10* 11 

1.1 

E4 

Cl + CjHg - BC1 + C 3 H 7 

l.ixlO* 10 

-(*01250) 

1.6X10* 10 

1.5 

E5 

Cl + ^^2 "* Products 

(Sss Tabls 2) 





* Cl + CSjOH - CHjOH + BC1 

5.7X10' 11 

01250“ 

5t7x10* U 

1.5 

E6 

Cl + CHjCl - C^Cl + SCI 

3.3X10* 11 

12501200 

4. 9x10* 13 

1.2 

E7 

Cl + CHjCS - products 

- 

- 

<2. 0x10* 13 

- 

E8 

Cl + CRjCClj - CHjCCLj ♦ SCI 

- 

- 

<4.0xl0* 14 

- 

E9 

ci + h 2 co - aci + aco 

a.ixio* 11 

301100 

7 ,3xlol 31 

1.15 

£10 

> _ _ ci ♦ h 2 o 2 - aci ♦ bo 2 

l.lxlO* 11 

9801500 

4. 1x10* 13 

1.5 

Ell 

sci + aoci - cij ♦ ca 

3.oxia‘ u 

1301250 

1.9X10* 12 

2.0 

E12 


* Units srs a* /solscula-sec. 


£(238) Is ths imcsrtslnty st 298K. To calculate ths uncertainty at other taoperaturea, 

uss ths expression: f(T) “ £ ( 238 ) exp | ^ ^ ) i- lots that ths expoosnt ia 

, „ R I 298 


sbsoluta valna. 

* Indlcatss a chants from ths previous Final svaluatlaa (JFL *5-37 J. Snail round -o££ chant as 
have bssn auds for several sntrlaa in ths tabls; that a azs not sari ad by as ts rials. 

# Indlcatss a nss an try that was not in ths previous evaluation. 

& Indlcatss a chants in ths lots. 
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Table 1. (Continued) 


Reaction 

A-Feetor* 

E/R±(AZ/R) 

1(298 K) 

f(298) b 

Hots# 

Cl + HSO-j -• products 



<1.7xl0* 14 


£13 

& Cl * B0 2 - BC1 + 0 2 

l.SxlO* 33 

-( 170±200) 

3.2xl0* 33 

1.3 

£14 

- CH + CIO 

A.lxlO* 33 

4304200 

9. 1x10* 12 

2.0 

E14 

Cl + CljO - Clj + CIO 

g.axio' 11 

04230 

9.8X10* 11 

1.2 

£15 

Cl + OCIO - CIO CIO 

Siaxio" 11 -- 

04230 - 

3.9X10* 33 

1.23 

£18 

Cl ♦ C1X*0 2 -* products 

6. 8x10* 32 

-(1804200) 

1.2xl0* 33 

1.3 

£17 

H 

Cl + ID - B0C1 

(Sas Tab Is 2) 





H 

Cl + BOj - ClOW (CU0 2 ) 

(See Table 2) 





• Cl + BOj - CIO + B0 2 

S.2xl0* 33 

04400 

3.2X10* 33 

2.0 

£18 

# ci + r 2 o - cio + a 2 

(See Bote) 



— — • 

£19 

* Cl + ClflO - BO + Clj 

8. 0x10* 11 

0*300 

°*230 

6. 0x10* 33 

2.0 

£20 

M 

Cl + 0 2 - ClOO 

(Sss Tab La 2) 





Cl + ClOO - Cl 2 + 0 2 

1.4xl0* l ° 

04230 

1.4X10* 10 

3.0 

E21 

- CIO + CIO 

8.0x10* 12 

04230 

8. 0x10* 12 

3.0 

£21 

* CIO + 0 - Cl + 0 2 

3. 0x10* 11 

-(70470) 

3.8xl0* 13 

1.2 

£22 

CIO + BO - B0 2 ♦ Cl 

6.4X10* 32 

-(2901100) 

1.7X10* 33 

1.15 

£23 

M 

CIO ♦ »0 2 - C10H0 2 

(See Table 2) 





CIO + BOj * product* 

A. 0x10* 13 

04400 

a.oxio* 13 

2.0 

£24 

& CIO + H0 2 - B0C1 + 0 2 

A. 8x10* 13 

*< 700 ^S> 

5. 0x10* 32 

1.4 

£23 

CIO +• HjCO * product* 

-1.0x10* 12 

>2100 

<1.0xl0* 15 

- 

£26 

* CIO + CH -* products 

1.1X10* 11 

-(1204130) 

1.7X10* 33 

1.5 

£27 


* Unit* ca 3 /molecule-sec . 

b £(298) la the uncertainty at 298K. To calculate the uncertainty at other tenperaturea, 

uae the expraaaloa: £(T) - £(298) exp | ^ ^ ) 1 . tote that the exponent ia 

. . . R T 298 

ahaoLute value. 

* Indicate* a chant* !i« the previoua Renal evaluat i on (JH. 83*37). Snail round-off changes 
have been sad* for aereral antriaa in the table; thee* axe not netted by aatarlaka. 

t Indicate* a new entry that waa not in the previoua evaluation. 

& Indicate* a chant* in the tote. 
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Table 1 . (Continued) 




l 


V 

* 


1 


Reaction 

A-Paetor* 

E/R±(AZ/R) 

k(298 E) 

f(298) b 

Wotss 


l 

CIO ♦ CH a products 

-1.0x10* 12 

>3700 

<4.0xl0* 28 


E28 


* CIO ♦ Hj -• products 

-l.OxlO* 12 

>4800 

■cl.OxlO* 19 

- 

£28 


l CIO ♦ CO - products 

-1.0x10* 12 

>3700 

<4.0xl0* 28 

- 

£28 


•' CIO + RjO - products 

-1.0x10* 12 

>4300 

<8. 0x10* 29 

- 

£28 


___ ?_C10 ♦ CIO - products 

B.OxlO* 13 

12501500 

1.2xl0* 24 

- 2.0 

£29 


CIO + o 3 ■* C100 ♦ o 2 

l.OxlO* 22 

>4000 

<1.0xl0* 28 

- 

£30 


- 0C10 + 0 2 

l.OxlO* 12 

>4000 

<1.0x10* 18 

- 

£30 


* OB + Clj - BOCl ♦ Cl 

1.4xl0* 12 

9001400 

8.7xl0* 24 

1.2 

£31 


6 CB ♦ BC1 - HjO + Cl 

2.8xlO* U 

3301100 

B.OxlO* 23 

1.3 

£32 


* CB + BOCl - HjO + CIO 

3.0xl0* 22 _ 

5001500 

5.0xl0* 23 

S7o~ 

£33 


CB + CBjCl - CHjCl + HjO 

1.7X10* 12 

11001200 

4.3xl0* 24 

1.2 

£34 


cb + ch 2 ci 2 - cacij + h 2 o 

a. 7x10* 22 

10501200 

1.4xl0* 23 

1.2 

£34 


ca ♦ chci 3 - cci 3 + h 2 o 

3.4xl0* 22 

10501200 

l.OxlO* 23 

1.2 

£34 


cb + chfci 2 - crcij + h 2 o 

8.8xl0* 13 

10001200 

3.0xl0* 24 

1.3 

£34 


CB ♦ CHP 2 C1 - CFjCl + H 2 0 

8.3xl0* 13 

15501200 

4.6xl0* 23- 

1.2 

£34 


ob + ch 2 cit - cbcit + h 2 o 

2.1xl0* 22 

11501150 

4.4xl0* 24 

1.2 

£34 


cb + CBjCClj - CH 2 CC1 3 ♦ HjO 

5.0xl0* 22 

18001200 

1.2xl0* 24 

1.3 

£35 


# OB + CB 3 CF 2 C1 - CH 2 CF 2 C1 ♦ HjO 

1.5x10* 12 

18001200 

3.6xl0* 25 

1.3 

£36 


t OB + CHjCHFj - produeti 

1.9xl0* 22 

12001300 

3. 4x10* 24 

1.3 

£37 


# OB + CBC1 2 ct 3 - cci 2 cr 3 + H 2 0 

1.1x10* 12 

10501300 

3.2X10* 24 

1.3 

£38 


# OB ♦ CBClFCTj - CCira? 3 ♦ a 2 0 

7. 2x10* 13 

12301300 

1.1x10* 14 

1.3 

£39 



a Unit! ax* ea 3 /noleeul*-sae. 

b f (298) is tha uncertainty at 298K. To calculat* tha uncertainty at other teeparaturaa, 

us* the expression: f(T) “ £(298) exp | 1 ) |. Bote that the exponent is 

. , „ . 1 T 298 

absolute value. 

• Indicates a chans* froa the previous Panel evaluation (JPL 85-37). Snail round-o££ chances 
have been sad* for several entries in the table; these are not narked by asterisks. 

# Indicates a new entry that was not in the previous evaluation. 

& Indicates a chance in the Rote. 


, J 


'£■ 
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Table-1. (Continued) 




# ca ♦ c^cicciPj - caciocijj 

♦ HjO 3.*xl0 -12 

18001300 

l.BxlO* 14 

2.0 


E40 

# OB ♦ ca 2 rer 3 - CETCTj + HjO 

8. 8x10* 13 

13001300 

8.4x10* 15 

1.5 


E*1 

# OB ♦ CHjCCljF - CBjOCljP ♦ HjO 3. 4x10* 12 

18001500 

S.OxlO* 15 

3.0 


242 

OB ♦ C 2 C1 4 - products 

9.4X10* 12 

12001200 

1.7X10* 13 

1.25 


1*3 

OB + CjBClj - products 

4.9xlO* 13 

-(*301200)' 

”2. 2x10* 12 

1.23 

- 

E44 

OB ♦ CFCl^ *• product* 

-l.OxlO* 12 

>3700 

<3. 0x10* 19 

- 


E4S 

- OB ♦ CPjjClj - products 

— l.OxlO* 12 

>3600 

-<S.OxlO* 19 

- 


E45 

CB ♦ C10B0 2 - products 

1.2X10* 12 

3301200 

3.0xl0* 13 

1.5 


E46 

0 ♦ BC1 - CB + Cl 

l.OxlO* 11 

33001330 

1.5X10* 19 

2.0 


E47 

0 + B0C1 - OB + CIO 

l.OxlO* 11 

220011000 

8. 0x10* 15 

10.0 


E48 

0 + ClOBOj - products 

2.9X10* 12 

8001200 

2.0X10* 13 

1.5 


E49 

0 + CljO - CIO * CIO 

2.9X10* 11 

6301200 

3.5H0* 12 

1.4 


E50 

0 ♦ ocio - cio + o 2 

2. 8x10* 11 

12001300 

S.OxlO* 13 

2.0 


E51 

t OB + OCIO - B0C1 ♦ 0 2 

4.3xl0* 13 

-(8001200) 

6. 8x10* 12 

2.0 


E52 

BO + OCIO - K z + CIO 

2. 3x10* 12 

6001300 

3.4X10* 13 

2.0 


E33 

* BC1 ♦ ClOSOj - products 

- 

- 

<1.0xl0* 20 

- 


E54 

BC1 + BO^HC^ “• product* 

- 

- 

<1.0xl0* 20 

- 


E55 

# E^O + CIORO2 *• product* 

- 

- 

<2.0xl0* 21 

- 


E36 



BrO Reactions 


• 


* * 

* Er -+-0 3 — BrO + 0 2 

1.7X10* 11 

8001200 

1.2x10* 12 

1.2 


_F1_ 

* Br ♦ &2? 2 - HBr * BOj 

l.OxlO* 11 

>3000 

<3.0xl0* 18 

- 


F2 


* Unit* ax* cta 1 /mol.cul*-sac. 

b 1(258) is tbs uncertainty st 298K. To cslculata tbs uncertainty *t other temperature*. 

use the expression: f(T) " f (298) exp | 6E ( 1 L. ) | _ Bote that the exponent Is 

, R T 298 

absolute veins. 

* Indicates a chance from the previous Panel evaluation (JPL 85-37). Snail round-off chances 
have been made for several entries in the table; these are not marked by asterisks. 

* Indicates a nee entry that was not in the previous evaluation. 

& Indicates a chance in the Bote. 
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Table 1. (Continued) 


Reaction 

A-Pactor* 

E/RKAE/R) 

k(298 I) 

£(298) b 


Br + HjCO •* HBr * BCO 

1.7xlO* U 

6001200 

1.1x10* 32 

1.3 

n 

* Br + HOj - HBr + 0 2 

1.3 X 10* 11 

6001800 

2.0xl0* U 

2.0 

F* 

# Br + CljO - BrCl + CIO 

- 

- 

3.8xlO* U 

2.0 

rs 

BrO + 0 -• Br 0 2 

3.0xl0* U 

01220 

S.OxlO* 11 

3.0 

F6 

A BrO + CIO -• Br + XIO 

6.7xl0* 12 

01220 

6.7 X 10* 12 

1.5 

n 

- Br + C100 

6.7xl0 -12 

01220 

8.7xlO* U 

1.5 

T7 

BrO + HO - B0 2 + Br 

8.8xl0* 12 

-(2601130) 

2-lxlO* 11 

1.15 

n 

BrO + H0 2 - BrO NO j 

(Saa Tabla 2) 

. - — 


— 

■ 

BrO ♦ BrO - 2 Br ♦ 0 2 

l.lxlO* 12 

•(1501150) 

2. 3x10* 12 

1.25 

ra 

- Br 2 + 0 2 

S.OxlO* 14 

-(6001600) 

*.Axl0* U 

1.22 

F9 

BrO + 0 3 -• Br + 20 2 

-l.OxlO* 12 

>1600 

<2.0xl0* 15 

- 

fi: 

BrO + B0 2 -• products 

- 

- 

2. 0x10* 12 

3.0 

Fll 

BrO + OH -* products 

- 

- 

l.OxlO* 11 

5.0 

F12 

* OH + Br 2 - BOBr + Br 

A.2xlO* U 

01600 

4.2xlO* U 

1.3 

F13 

& OH + HBr ■* HjO + Br 

l.lxlO* 11 

01220 

l.lxlO* 11 

1.2 

FH 

OH + CHjBr •* CHjBr + HjO 

8.0xl0* 13 

8201200 

3.8xl0* 14 

1.25 

F12 

0 + HBr ■* OH * Br . 

6. 7x10^ 12 -- 

12201200 

3.7xl0* 14 

1.3” 

fis; . — ' 

? + o 3 - ro + o 2 

2.8X10* 11 

FO Reactions 
2301200 

1.3xl0* U 

2.0 

G1 

F * H 2 - HP + B 

1.2xl0* 10 

2201220 

2.7xlO* 31 

1.3 

G2 

F ♦ CB A - HP ♦ CHj 

3.0xl0* 10 

4001300 

S.OxlO* 11 

1.5 

G3 


* Unit* «r* ca 3 /nol*ctile-s*c. 

b £(298) is th* uncertainty at 296K. To calculate th* uncertainty at othar temperatures , 

usa th* expression: £(T) - £(298) axp | ^ ^ ) | . Iota that tha azponant 1* 

.... R T 298 

absolute valua. 

• Indicate* a chaztg a from tha pravlou* Penal avaluation (JPL 85-37) . Ssiall round-o££ chanRas 
hava baan aa da £or aavaral antriaa in tha tabla; thasa ara Dot aaxkad bp aatariaks. 

# Indicates a new entry that was not in the previous avaluation. 

& Indicates a chans* in tha Iota. 
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Table 1. (Continued) 


Reaction 

A-Factor“ 

S/RKAE/R) 

k(298 X) 

f(298) b 

Notes 


* F t h 2 o - hf + oe 

a.exia' 11 

*001200 

1.2xl0* U 

1.5 

G4 


H 

r * o 2 - FOj 

(Sea Table 2) 






M 

r * no - rao 

(See Table 2) 






- . M_ __ . 

r + »0 2 - FROjtFOBO) 

(See Table 2) 


- 

- 


- 

HO * TO - Wj + F 

2.6X10* 11 

01250 

2.6xl0* U 

2.0 

GS 


- F0tFO-2F + 0 2 

1.5X10- 11 

- 01230 ... 

1.3xl0* U 

-3.0 

G6 


FO ♦ 0 3 - F * 2 0 2 

(Sss Sots) 




G7 


- FOj ♦ 0 2 

(See Hote) 




G7 


M 

FO + H0 2 - FOK> 2 

(See Table 2) 

— 

- - -- 


- 

- - 

0 FO -• F + 0 2 

5.0X10* 11 

01250 

5.0X10* 11 

3.0 

G3 


0 ♦ F0 2 - FO a 0 2 

5.0xl0* U 

0±250 

S.OxlO -11 

5.0 

G9 


cr 3 o 2 + HO - cf 3 o + ho 2 

3. 9x10* 12 

-(*001200) 

l.fxlO* 11 

1.3 

G10 


cf 2 cio 2 + no - cf 2 cio + no 2 

3. 1x10* 12 

-<500±200) 

1.6xlO* U 

1.3 

G10 


aci 2 o 2 + no - cfcIjO ♦ no 2 

3.5xl0" 12 

-(*301200) 

l.SxlO* 11 

1.3 

G10 


ccijOj + no - ccijO + no 2 

5.7xl0* 12 

-(3301200) 

1.7X10* 11 

1.3 

G10 




SO^ Reactions 





& CB ♦ H 2 S - SH + H 2 0 

5.9xl0* 12 

70170 

*.7xl0* 12 

1.2 

HI 


• CO + OCS ■* products 

1.1x10* 13 

12001500 

1.9x10* 15 

2.0 

H2 


& OH ♦ CS 2 -• products 

(Sss Sots) 

- 

- 

- 

H3 


H 

CH + S0 2 - HDSOj 

(See Table 2) 






0 ♦ HjS - CB ♦ SH 

9.2xl0* 12 

18001530 

2.2xlO* U 

1.7 

H4 



* Gbits srs ca 3 /aK>lactale-s*c. 

b £(298) is the uncertainty st 29 at. To calculate the uncertainty at othar taoperatures, 

ass tbs exprssalon: £( T) “ £(298) axp | 6S ( 1 - — 1— ) |. Sots that ths exponent is 

. , „ R I 298 

abaoiuts value. 

* Indicates a chases team ths previous Pans! evaluation (JTL 83-37). Small round-off char.ras 
fcavs bssn nads for asvsral sntriss in ths table; tbsas ara not Barked by astsriaks. 

* ladiestss s new entry that was not in the previous evaluation. 

& ladiestss s chans * in the lots. 
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Table 1 . (Continued) 



O + OCS - CO + so 

l.lxlO* 11 

22001130 

l.3xlO* U 

1.2 

H3 


o * cs 2 - cs + so 

3.2xl0* U 

8301130 

j.exio* 12 

1.2 

H8 

lr 

s ♦ o 2 - so + 0 

2.3al0‘ U 

01200 

2.3xlO* U 

1.2 

H7 

\ 

s + 0 3 - SO + 0 2 

- 

- 

1.2X10* 11 

2.0 

B8 


S + CH - SO + H 

- 

- 

B.BxlO* 11 

3.0 

H9 


SO + 0 2 - S0 2 + 0 

2.8xl0* 13 

24001300 

B.4X10* 17 

2.0 

BIO 


SO + Oj - S0 2 + 0 2 

3.6xlO* U 

11001200 

B.OxlO* 14 

1.2 

Bll 

» 

SO + OH - S0 2 + H 

- 

- 

B.BxlO* 11 

2.0 

H12 

— . . 

SO + H0 2 - S0 2 + HO 

1.4xlO* U * 

0130 

1.4X10* 11 

1.2 

B13 








* " 

* SO + CIO - S0 2 + Cl 

2.8xlO* U 

0130 

2.8xlO* U 

1.3 

HI* 


SO + 0C10 - S0 2 + CIO 

- 

- 

l.OxlO* 12 

3.0 

H15 


* SO + 3rO - SO, + Sr 

- 

- 

5.7X10* 11 

1.4 

H15 


S0 2 + H0 2 - products 

- 

- 

<1.0xl0* 18 

- 

H17 


S0 2 + CH 3 0 2 -• products 

- 

- 

<5.0xl0* 17 

- 

HIS 


S0 2 + H0 2 - products 

- 

- 

<2.0xl0* 26 

- 

B13 


SOj + N0 2 •» products 

- 

- 

l.OxlO* 19 

10.0 

B19 


# S0 2 + SOj -• products 

- 

- - 

<7.0xl0* 21 

- 

320 


_ so 2 + o 3 - so 3 + o 2 

3. 0x10* 12 

>7000 

<2.0xl0* 22 

_ 

321 

- 

* Cl + B 2 S - BC1 + SH 

3.7X10* 11 

0130 

5.7xlO* U 

1.3 

322 

> 

& Cl + OCS - SCI + CO 

- 

- 

<1.0xl0* 18 

- 

323 

- 

CIO + OCS •» products 

- 

- 

<2.0xl0* 18 

. 

324 


* Units ax a ea 3 /aolaeula-sae. 

b £(293) is tha uneartainty at 298X. To calculata tha uneartainty at othar tamparaturas, 

uaa tha axprasalon: £(T) “ £(293) axp | 5S ( 1 - -1- ) | , Kota that tha axponant is 

. , „ , R T 298 

ahsoluta valua. 

* Indlcatas a chang a flora tha pravioua Fanal avaluatlon (JR. 83-37). Small round-o££ changas 
hava haan tnada for savaral antrlas in tha tabla; thasa ax a not aarkad by astarlsks. 

* Indicatas a naw an try that was not in tha pravioua avaluatlon. 

& Indicatas a changa In tha Nota. 
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Table 1. (Continued) 


cio * so 2 - ci ♦ so 3 


SB * % 2°2 P ro<Sact “ 
SHtO-H + SO 


* SH + 0 2 - OH * SO 


•SH + BOj-HSO + UO 


sb ♦ bo - asm 


# BSO + BO ■* product* 


# BSO + N0 2 - BSOj + HO 


# BSO + 0 2 — product* 
HSO + Oj -• products 


# SS0 2 + 0 2 - S0 2 + S0 2 


# BjS + HOj -» product* 


2802200 


2.9x10 

(S*« Table 2) 


■ci.OxlO* 18 

— *■ - 

B24 

<3.0xl0* 15 

- 

H2S 

l.BxlO* 10 

5.0 

H28 

<».Oxlo' 19 

- 

H27 

3.8xl0 _12 

1.3 

B28 

B.Sxlo" 11 

1.3 

B29 

<1.0xl0* 1S 

- 

B30 

9.6xlo' 12 - 

- 2t0 

-H30 

<2.0xl0‘ 17 

- 

B30 

l.OxlO* 13 

5.0 

B31 

3.0xl0* 13 

3.0 

H32 

l.lxlO -13 

1.2 

B33 

<3.0xl0 _1 * 

- 

H3* 

2.9xlo" 19 

2.0 

H35 

3.0X10' 16 

3.0 

B3S 

7.6xl0' 17 

3.0 

B36 


MataL Reactions 


H* * 0 2 - H»0 2 


(S** Table 2) 


& Ha + 0 3 - HaO + 0 2 

5X10- 10 

0±400 

5.0xlo" 10 

1.5 

ji 

- HaO. + 0 

<3xlO* U 

0±400 

<3.0xl0* U 

- 

ji 


Unit* ar* cm /molacule-s.c. 

b 1(238) 1* th* uncertainty at 296K. To calculata tha uncertainty at other temperatures, 

uaa tha expression: 1(1) • 1(238) axp | ^ ( 1- ) |. Bota that tha exponent i* 

abac lute value. * * 298 

* Indicate* a chans* from tha previous Panel evaluation ( JPL 83-37). Small round-off changes 
have been made lor several entries in tha table; these are not narked by asterisk*. 

# Indicates a new entry that was not in tha previous evaluation. 

& Indicates a change in th* Hot*. 
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Table 1. (Continued) 


Reaction 

A-Factor* 

H/RKAJ/R) 

k(Z98 K) 

f(298) b 

Notes 

# Ba + H 2 0 - BaO + H 2 

2.4xl0* 10 

16001400 

l.lxlO* 12 

1.3 

J2 

# B« + Clj - BaCl ♦ Cl 

7. 3*10* 10 

01200 

7. 3x10* 10 

1.3 

J3 

# *«0 + 0 - H» + 0 2 

3.7*10" 10 

01400 

3.7X10* 10 

3.0 

J4 

M 

# BaO + 0 2 - Ba0 3 

(Saa Tab la 2) 





# BaO + Oj - BaO z + 0 2 

1.6xl0* 10 

01400 

l.BxlO* 10 

2.0 

J5 

- Ba + 20 2 

6X10* 11 

01800 

6. 0x10* 11 

3.0 

J5 

* BaO + Hj - BaOH + H 

2.6xlO* U 

01600 

2.6X10* 11 

2.0 

. J6 

# BaO + H 2 0 - BaOH + OH 

2.2xl0* 10 

01400 

2.2xl0* 10 

2.0 

J7 

# BaO MO - Ha + S0 2 

l.SxlO* 10 . . 

01400 

1.5,10* 10 _ 

.. 4.0 _ 

_ J8_ 

M 

# VaO + C0 2 - HaCOj 

(Saa Tabla 2) 





VaO + BC1 *♦ products 

2.8xl0* 10 

01400 

2. 8x10* 10 

3.0 

J9 

# Na0 2 +' NO - NaO ♦ N0 2 



<10* 1 * 


J10 

# Ha0 2 + BC1 *♦ products 

2.3xl0* 10 

01400 

2.3X10* 10 

3.0 

jn 

BaOH + HC1 - HaCL + HjO 

2.8xl0* 10 

01400 

2.8xl0* 10 

3.0 

J12 

H 

# HaOH + C0 2 - HaBC0 3 

(Saa Tabla 2) 






a Unit* are ca 3 /znoLecule-sec. 

b £(298) is the uncertainty at 298K. To calculate the uncertainty at other temperatures , 
use the expression: £(T) - £(298) exp | — ( 1 - ) |. Kota that the exponent is 


-—absolute value.* *'* * — ..... 

* Indicates a chans e ^ rom the previous Panel evaluation ( JPL 85-37). Small round-off chanses 
have been made for several entries in the table; these are not marked by asterisks. 

# Indicates a new entry that was not in the previous evaluation. 

& Indicates a chans* 1° the Note. 
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NOTES TO TABLE 1 


Al. 0 + Og. The raconuMultd rat* azprassion is from Win* at *1 . (1983) and is a lisaar laast squares 
fit of all data (unweighted) fro Davis at al . (1973b), McCruofc and Kaufman (1972), Hast at al . 
(1978), Arnold and Comas (1979), and Hina at al . (1983). 

A2. 0(^0) Raactlons. Thasa reccemendation* art baa ad on average* of tha absoluta rata constant 

maasuramants raportad by Strait at al . (1976), Davidson at al . (1977) and Davidson at al . (1978) 
t or HgO, HgO.Ca^, Hg. Hg. Og, Oj. BS1. CCl^. CFClg . CFgClg, HHg, and COg; by Amino to at al . 
(1978), Amimoto at al . (1979), and Fores and Hiasanfald (1981a. b) for HgO. HgO, CH^, Hg. Hg, 0 2 , 
Og, C0 2 , CC1 A , CFClg, CFgClg, and CF^; by Hina and Kavishankara (1981, 1982, 1983) for N 2 0, HgO, 
Kg, Hg, Og, COg, and CFgO; by Erode and Watson (privat* co m m u n ication, 1980) for Kg, Og and COg; 
by Las and Slangar (1978 and 1979) for HgO and Og; and by Gericka and Camas (1981) for Hg. Iha 
weight of tha svidancs from thasa studies indicates that tha results of Haidnar and Husain (1973), 
Haidnar at al . (1973) and Flatchar and Husain (1976a, 1976b) contain a systamatic error. For tha 
critical atmospheric reactants, such as NgO, HgO, and CH^, tha racocnandad absoluta rata constants 
arc in good agreement with tha previous relative measurements whan compared with Hg as tha reference 
reactant. ~A~ similar comparison with Og as tha reference reactant gives sooiawhat poorer agreement . 
Hina' end Ravishankara (1982) have determined the yield of 0( 3 P) from 0(*D) + Hg “is ~ <4.91. — 

A3. 0(*D) a- HgO. Tha branching ratio for tha reaction of 0(*D) with HgO to give Hg a Og or HO a MO 

is an average of tha values raportad by Davidson at al . (1979); Volltrauer at al . (1979); Marx 
at al . (1979) and Las at al . (1981), with a spread in k(B0 a HO) A (TOTAL) - 0.32 - 0.62. The 
recommend ad branching ratio agrees wall with aarliar maasuramants of tha quantixn yield from HgO 
photolysis (Calvert and Pitts lS6£b). The OCD) translational energy and temperature dependence 
affects are not clearly resolved. Hina and Kavishankara (1982) hava dstarminad that the yield of 
0( 3 P) from 0( 1 D) + HgO is <4. OX. Tha uncertainty for this reaction includes factors for both 
the overall rata coefficient and the ..ranching ratio. 

A4. 0( 1 D) + HgO. Measurements of the Og + Hg product yield were mad* by Zellnar et al . (1980) (1+0.3 
or -1)2 and by Clin ski and Birks (1983) (0.006 + 0.007 or *0.006)1. Hina and Ravishankara (1982) 
have determined that the yield of 0( 3 P) from 0(*D) + HgO is <(4.9±3.2)Z. 

A3. 0(*D) + CH^. Tha branching ratio for tha reaction of 0(*D) with CH^ to give OH + CHj or CHgO + Hg 

is from Lin and DeMor* (1973). A molecular beam study by Cassvecchia at al . (1980) indicates that 
an additional path forming CHgO (or CHgOH) + H may ba important . This possibility requires further 
Investigation. Wine and Ravishankara (1982) have dstarminad that tha yield of 0( 3 P) from 6(^9) + 
CH 4 is <4.31. 

A6. 0(*D) + 0g. Tha branching ratio for reaction of 0(*D) with Og to give Og + Og or Og + O + 0 is 

from Davenport et al . (1972). This is supported by measurements of Amimoto at al . (1978) who 
raportad that on avaraga on* ground state 0 is produced par 0(*D) reaction with Og. It saams 
unlikely that this could result from 1001 quenching of the 0(*D) by Og. 

A7. 0(*D) + BC1. The recommendation is tha avaraga of measurements by Davidson at al . . (1977) and 

Hina et al . (1986). Product studies by tha Uttar indicate: 0( 3 P) ♦ HC1(9±3)1; H + 00(24+3)1; 

and OH + C1(67±10)Z. 

AS. 0( 1 D) + HP. Rat* coefficient and product yield maasurad by Hina at al . (1984, privat* commmica- 
tion). Tha 0( 3 P) yield is lass than 41. 
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A9. 0(^0) + HBr. Rate coefficient and products measured by Wins at tl . (1086). Product yields: 

HBr 4 0( 3 P) f2fl± 7)Z, H 4- BrO <4.51. and OB 4- Br (80±12)Z. 

A10. 0(*D) ♦ CLj. Bats coefficient and 0( 3 P) product measured by Uins at tl . (1082). Product yields: 

CI2 ♦ 0( 3 P) (22±10)Z. Tbs balsocs Is probably CIO + Cl. An aarliar Indirect study by Preudansteln 
and Biedeokapp (1976) is In reasonable agreement on the yield of CIO. 

All. 0( u) + halocezbons. The halo carbon rate constants are for the total disappearance of 0(*D) tod 
probably include physical quench in*. Products of the reective channels may include GX^O 4- X, 
CX^O a Xj, and Of, 4- XD, where X - H, P, or Cl in various ccebinatians. Chlorine and hyd r o ge n are 
Dora aasily displaced than fluorina from halocarbona aa Indicated by approximately 100Z quenching 
for C?^. A useful formula for estimating 0(*D) removal ratae by methane end ethane type halocezbons 
‘ was~ given by Davidson at al . (1978): + 0.030b 4- 0.74c (In units 10" W cm 3 ~ 

molecule 1 s ). This expression does not work for molecules with extensive fluorine substitution. 
Some values have been reported for the fractions of tbs totsl rate of disappearance of 0(h)) 
proceeding through quenching and reective channels. For CCl^: quenching “ (14±6)Z and reaction • 
(86±S)Z, '(Force end Wiesenfeld, 1981a); for CFCl^: quanchlng " (25tlO)Z, CIO formation — 
(6Q±13)Z (Donowi, private cocramlcstlan, 1980); for CT^Zl^: quenching “ (14±7)Z end reaction 
* (8G±14)Z (Force end Wiesenfeld, 1981a), quanchlng “ (10110)2, CIO formation “ (53±15)X 
(Donovan, private cammihl cation, 1980); for CF^: quanchlng “ 100Z (Force mxd Wiesenfeld, 1981a). 

A12. 0(*D) +• CCljO, CFCIO and CPjO. For the ra actions of 0(*D) with CCl^O and CFC10 the -raerren fieri 

rate constants ere derived from date of Flatcher end Husain (1978). For consistency, the recom- 
mended values for these rate constants were derived using s scaling factor (0.3) which corrects for 
the difference between rate constants from the Husain Laboratory mxl the recoumaodations for other 
0(*D) rate constants in this table. The recconendation for CF 2 0 la from the data of Wine end 
Rsvlshankara (1983). Their result is preferred over the value of Fletcher and Husain (1978) because 
it appears to follow the pattern of decreased reactivity with increased fluorine substitution 
observed for ether halo carbons. These reactions have been studied only at 298 K. Based on 
consideration of similar 0(*D) reactions, it is assisted that E/E equals zero, and therefore the 
valxae shown for the A-f actor has been set equal to k(298 K). 

il3. 0(^0) 4- HB-j. Sanders et al . (1980a) have detected the products HH(a^A) and CB formed in the 
reaction. They report the yield of HH(a^A) is in the range 3-13Z of the amoimt of OB detected. 


H 4- o 3 . The recoonendation is an average of the recant results of Lee et el . (1978b) end Keyser 
(1979), which are in excellent agreement over the 200-400 X range. An earlier study by Clyne end 
Madhouse (1977) is In very good agreement on the T dependence in the range 300-260 K but lies about 
60Z below the recccmended values. Although we have no reason not to believe the Clyne and Madhouse 
values, ~we~prefer the two studies that are in excellent agreement, especially since' they were 
carried out over the T range of interest. Recent results by Finleyson- Pitts and Zleindienst (1979) 
agree well with the present recommendations . Reports of a channel forming B0 2 * 0 (Finlay son- Pitts 
and Xleindienst, 1979: ~22Z, and Force and Wiesenfeld, 1981b: -40Z) have been contradicted by other 
studies (Howard and Fin lay son- Pitts, 1980: <32 ; Was hi da et al . . 1980a: <6Z; Finlays on-Pitts et al . . 
1981: <2Z); and Dodonov et al .. 1983: <0.3Z). Secondary chemistry is believed to be responsible 
for the observed O-atoms in this system. Washida et al . (1980c) measured e low limit (<0.1Z) for 
the production of singlet molecular oxygen in the reaction H + Oj. 

H + a0 2 . There ere five recent studies of this reaction: Hack et el . (1978). Hack et al . (1979c), 
Thrush and Wilkinson (1981b), Srldharan et al . (1982) and Xmytmz (1986). Related early work end 
caafcustion studies ere referenced in the Srldharan et el . paper. All five studies used discharge flow 
systems. It is difficult to obtain e direct measurement of the rate constant for this reaction because 
both reactants are radicals and the products OH and 0 are very reective toward the B0 2 reactant. 
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Tb. r»cn— datlen la baaad ca tb* data ef Sridhari at «1 . md Kayaar bacauaa thalr naasurataanta 
war a tha caost ditact and raqnlrad tba faaaat corractiada. Tha othar Maauraeaota, (5. Oil. 3) X 

10 ca 3 molaeula' 1 a' 1 by Thruah and UUklaaon (1981b) and (4. 85 ± 1) x 1C* 11 by Hack at al . 

(1979c) ara in rataanabla agraaaant with tba raccaaaandad valua. Tbxaa of tha atudlaa raportad tha 
product chamala: (a) 20H, (b) H^O + 0, and (e) Hj 0^. Hack at al . (1978) k ( /k - 0.89. 

kjj/k S 0.02, and k £ A “ 0.29; Sridharaai at al . (1982) k ( /k - 0.87±0.0a. k^/k - 0.04X0.02. 
k A - 0.09X.043; and Kayaar (1988) k.A - 0.90X0.04. k. A - 0.02X0.02, and k A “ . 

C AD C a 

0.0810.04. Hialop and Wayna (1977) and Kayaar at al . (1983) raportad on tha yiald of O.OiZ) 

•4 *3 * 

being formed In channel (c) as (2.6±1.3) x 10 snd <S z 10 of ths total reactions. Keyser 
found the rata coefficient nd product yields to b« Independent of temperature for 300 <T <245 K. 

B3. O + CT«. The rata constant for 0 + CB is a fit to three tamperature dependence studies: Westerners 
at si . (1970 a) , Lewis and Watson (1980), Howard and Smith (1981). This raccBsaandation is consistent 
with a at liar wort near room temperature as reviewed by Lewis snd Watson (1980) and with the recent 
measurements of Brune et al . (1983). The ratio k(0 + 90 2 )/k(0 ■¥ CB) measured by Keyser (1983) agrees 
with the - rate constants recoemended here. 

B4 . O ♦ 3^2 • The reccanendetion for the O + B0 2 reaction rate constant is the average of five studies at 
room temperature (Keyser, 1982, Sridharan at a l. , 1982, Ravishankara et al . , 1983b, Brune at al . , 1983 
and Hicovich and Wine, 1987) fitted to the temperature dependence given by Keyser (1982) and Nicovich 
and Wine (1987). Earlier studies- by Hack et al . (1979a) and Burrows et el . (1977, 1979) are not 
considered, because the CB ♦ r ** ction wu important in these studies and the value used for 

its rate constant in their analyses has been shown to be in error. Data from Lii et al . (1980c) 
is not considered, because it is based on only four experiments and lnvolvas a curve fitting procedure 
that appears to be insensitive to the desired rate constant. Data from Rsvishankara et el . (1983b) 
at 298 K show no dspendence on pressure between 10 and 500 tor r N 2 * The ratio k(0 + B0 2 )/k(0 + CB) 
measured by Keyser (1983) agrees with the rate constants recocmended here. Sridharan »t al . (1985) 
showed that the reaction products correspond to abstraction of an oxygen atom from 30 2 by the 0 
reactant. Keyser et al . (1985) reported <11 0 2 (b*Z) yield. 

B5. 0 ♦ HjC^. There are two direct studies of the-0 ♦ ^O^-rssction: Davis et al . (1974c) and Wine 
et al . (1983). The recommended value is s fit to the combined data. Wine et al . suggest that the 
earlier measurements may be too high because of secondary chemistry. The A- factor for both data 
sats is quite lew compared to similar atoo-molscule reactions. An indirect measurement of the E/2 
by Roscoe (1982) is consistent with the reconroendation. 

B6. CH + a0 2 . A new study by Keyser (1987) appears to rtsolve s discrepancy between low pressure 
discharge flow experiments which all gave rate coefficient! near 7 x 10 11 cm 3 molecule”* s”*: 
Keyser (1981), Thrush and Wilkinson "(198 la V, Sridharan et al . (1981, 1984), Tamps and Wagner (1982H 
and Rozenshtein et al . (1984), and atmospheric pressure studies which gave rate coefficients near 

11 X 10" U : Lll at al . (1980»). Boehanadal at al . (1990) , D*Mora (1982), Ccx at al . (1981). Burrcw* 
et al . (1981) and Kurylo et al . (1981). Laboratory measurements using a discharge flow experiment 
and a chemical model analysis of the results by Keyser (1987) demonstrate that the previous discharge 
flow measurements were probably subject to interference from small amounts of O and B. In the 
presence of excess B0 2 these atoms generate CB and result in s rate coefficient measurement which 
falls below the true value. The temperature dependence is from Keyser (1937) who covered the range 
254 to 382 K. An additional study of this reaction including the temperature dependence is needed. 

B7. OH ♦ Oj. The recommendation for the OH + 0^ rate constant is based on the room temperature measure- 
ments of Kurylo (1973) and Zahniser snd Howard (1980) snd the temperature dependence studies of 
Anderson snd Kaufman (1973), Ravi shank ara et al . (1979b) and Smith et al . (1984). Kurylo*s value 
was adjusted (-81) to corrsct for an error in the ozone concentration measurement (Sampson end 
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Garvin, 1977). The Anderson and Kaufman rata conatanta war a normalized to k - 6.2 x 10 14 ax? 
molecule * s * at 295 K as suggested by Chans and Kaufman (1978). 

B8. OH + Cfi. Tha recccmendation for tha CH + OH raaction is tha average of six measurement* naar 298 K; 
Mastanbars and da Baas (1973a), McKenzie at al . (1973), Clyne and Down (1974), Trainor and von 
Rosanbarg (1974), Farqubarson and Smith (1980) and Wagner and Ze liner (1981). Tha rata constants 
for these stud! as all fall between (1.4 and 2.3) x 10 12 ex? molecule 1 Tha temperature 

depandanca is from Wagner and Zalina r, who r a port ad rata constants for tha rangs T “ 250-580 K. 

B9. OH + & 2 ? 2 ‘ Ul axtansiva data on tha OH + Eyy raaction. Tha rac o a nand ation is a fit to 

tha teoparatura dapandanca studias of Keyser (1980b), Sri dhar an at al . (1980), Wlna at al . (1981c) 
-and Kurylo at al . (1982b). Tha first ti«>. references contain a discussi on o f soma possibla raasons 
for tha discrapancias with aarliar work and an assessment of tha impact of tha naw valua on othar 
kinatic studias. A maasuramant at 298 K by Marinelli and Johnston (1982a) agrees with tha recom- 
mendation. Thar a is soma evidence that E/R dacraasas with teeperature as discussed by Lamb at al . 
(1983); therefore tha racomaandation incorporates a large error limit on tha teoparatura 
dependence. 

B10. OH fy. Tha OH + H 2 raaction has baen tha subject of numerous studias (sea Ravishankara et al . 
(1981b) for a review of experimental and theoretical wrk). The recommendation is fixed to the 
average of nine studies at 298 K: Greiner (1969), Stuhl and Niki (1972), Westenbarg and da Baas 
(1973c), Smith and Zellner (1974) .“Atkinson et "al7“ (1975). Ovarend et al . (1975), Tully and 
Ravishankara (1980), Zellner and Steinert (1981), and Ravishankara et al . (1981b). 

Bll. HO 2 ♦ H0 2 . Two separate expressions are given for tha rata constant for the B0 ? + 90^ reaction. 
Tha affective rate constant i= given by tha siro of these two equations. This reaction has been 
shown to have a pressure independent binolecular component and a pressure dependent termolecuLar 
component. Both components have negative temperature coefficients. The binolecular expression 
is obtained from data of Cox and Burrows (1979), Thrush and Tyndall (1982a,b). Kircher and Sander 
(1984), Takacs and Howard (1984, 1986), Sander (1984) and Kurylo et al . (1986). Data of Rozenshtein 
et al . (1984) are consistent with the low pressure recommendation but they report no change in k 
with pressure up to 1 atm. Earlier results of”Thrush and Wilkinson (1979) are inconsistent with 
the recommendation. The termolecular expression is obtained from data of Sander et al . (1932), 
Simonaitis and Heicklen (1982) and Kurylo et al . (1986) at room temperature and Kircher and Sander 
(1984) for the temperature dependence. This equation applies to M - air. Cn this reaction system 
there is general agreement among investigators on the following aspects of the reaction at high 
pressure (P -1 atm): (a) the tty uv absorption cross section: Fauxert and Johnston (1972), Cox and 
Burrows (1979), Hochanadel et aL . (1980), Sander et aL . (1982), and Kurylo et al . (1987a); (b) the 
.rate constant, at 300 _K:_ Pauk ert and__ Johnston (1972j, 3 ami lien and Lii (1977), Cox and Burrows 
(1979), 'Lii et. aj . (1979), Tsuchiya and Nakamura (137S), Sander et al . (1982), Slnonaitis and 
Heicklen (1982), and Kurylo et al . (1986) (all values fall in the range (2.5 to 4.7)- x 10 12 
cm^ molecule* s ^); (c) the rate constant temperature dependence: Cox and Burrows (1379), 

Lii et al . (1979), and Kircher and Sander (1984); (d) the rate constant water vapor dependence: 
Hamilton (1975), Hochanadel et al . (1972), Hamilton and Lii (1377), Cox and Burrow* (1979), DeMore 
(1979), Lii et al . (1981), and Sander et al . (1982); (e) the E/D isotope effect: Hamilton and Lii 
(1977) and Sander et al . (1932); and if) the formation of yy * °2 as tht major products at 
300 K: So et al . (1979b), Niki et al . (1980), Sander et al . tl382), and Simonaiti* and Heicklen 
(1982). Sahetchian at al . (1982, 1987) give evidence for the formation of a small amount of 
(—101) at temperatures near 500 K but Baldwin et al . (1984) give evidence that the yield mist be 
much less. Glinaki and Birks (1985) report an upper limit of IX 3 2 yield at a total pressure of 
about 50 torr and 298 K but their experiment may have interference from wall reactions. For 
systems containing, water vapor, the factor* given by Lii et al . (1981) and Kircher and Sander 
(1984*, can be incorporated: 1 ♦ 1.4 x 10 2 * IH 2 0) exp(22Q0/T). 
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B12. Tbe-re cn ams nd atlon-ta-ba*ad-on~three dir ec t studlss-ustn^discnarge-fl o w exp wrl se rf i : 

Zahniser and Howard (1980) at 245 to 365 I, Mans soar— at al . (1986) at 296 K, and Sinba at al . 
(1987) at 243 to 413L. Indirect studies by Simon aitis and Beicklsn ( 1973 ) , DaHora and Tackt£ov- 
Roux (1974), and DaHora (1979), ax a conaistant with tha diract measurements. Tha most axtanaiva 
temperature dapandanca study (Sinha at al .. 1987) lndieataa a eurvatura in tha Arrbanlua plot. 
A similar but lasa obvious eurvatura is fixmd in tha data of Zahnisar and Howard (1980) and 
DaHora (1979). Tha r •commendation incorporates only diract measurement data at taoperatures lass 
than 300 X and is not valid for temperatures treater than 300 X. Tha validity of the racoasMnded 
expression is questionable at tmsperatures lass than 240 X, where there are no data. High quality 
low temperature measurements are needed for this reaction. 

Cl. N + 0 2 . The activation energy is based cn Becker at si . (1969). Tha value and uncertainty at 

298 K are assigned from tha average of Clyne and Thrush (1961), Wilson (1967), Becker et al . 

(1969), Clark end Wayne (1970) and Weatanberg et al . (1970b). Indapendant confirmation of the 
temperature dependence is needed. 

C2_ H + Oj. The racormenriatlon is based an results of Stiaf et al . (1979). Kota that this is an 
upper limit based on ins t rumen t al sensitivity. Results of Stiaf et al . and Garvin and Broida 
(1963) cast doubt on tha fast rate reported by Phillips and Schiff (1962). 

C3. N + NO. Recocnnendatian is based on the results of Lee et el . (1978c). A recent study of Husain 
and Slater (1980) reports a roan temperature rate constant 30 percent higher than tha recoasModed 
value. ■ — - , 

C4. N ♦ N0 2< The Panel accepts the results of Clyne and Cbo (1982) for tha value of tha rata constant 

at 298 X. This is a factor of 2 higher than that reported by Clyne and McDexmid (1975). However, 

Clyne and Ono consider that tha more recant study is probably mors reliable. Husain and Slater 
(1980) reported a roan temperature rate constant of 3.6 x 10 11 cm 3 molecule * s \ which is a 
factor of 12 greater than the value reported by Clyne and Cbo. This high value may indicate tha 
presence of catalytic cycles, as discussed by Clyne snd McDarmid, and Clyna and Ono. There are no 
studies of the temperature dependence of the rate co ns t at . The reaction products are taken to be 
N 2 0 + 0 (Clyne end McDermid). A recent study by Iweta at al . (1986) suggested an upper limit of 
3.3 x 10 13 cm? molecule 1 s 1 for the corresponding -reaction involving H(^D)-and ■ tun 
(sum of all reaction channels ). 

C5. 0 + N0 2 . Changed from JPL 85-37. k(298 X) la baaed on the results of Davis at al . (1973a), 

Slanger et al . (1973), Beaand at al . (1974), Ongsted to d Birks (1986) and Geers-Muller and Stahl 

(1987). Tha recommendation for E/R is from Davis et al . , Ongsted and Birks, and Geers-Muller md 
Stuhl with the A-factor adjusted to give the recoenended k(298 X) value. 

C6. 0 + . Based on the study of Graham and Johnston (1978) ' at 298 K and 329 X. While' limited in 

temperature range, tha data indicate no temperature dependence. Furthermore, by analogy with the 
reaction of 0 with H0 2> it is assumed that this rata constant is independent of temperature. 

- Clearly, temperature dependent studies ere needed. 

C7. 0 +■ N 2 0 5 » Based on Xaiser and Japar (1978). 

CS. 0 ♦ HNO-j. The upper limit reported by Ch spawn and Wayne (1974) is accepted. 

C9. 0 +■ B0 2 N0 2 - The recomnended value is based on the study of Chsng et el . (1961). The large 

uncertainty in E/R and k at 298 X are due to the fact that this is a single study. 
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CIO. Oj 4 BO. lb* re rfwid a rt Arrhenius expression la a laaat e qu at es tit to tba data raportad by 
Birks at al . (1S7S). Lippaaann at «1 . (1080), lay aid Watson (1981b), Ml chad et al . (1SS1) sad 
Bordara aid ilzki (1882) at aal below room temperature, with tha data at eloaaly apacad 
taparatona raportad In Llppaaai at al . and Bordara and Blrka bains Itopad together ao that 
tbaaa tlva atodlaa ara weighted equally. Ihla axpreaslon tlta all tba data within tba ta^ieratore 
range 183-304 X raportad In tbaaa fiva atodlaa to within 20 parcatt. Only tba data bataaan 183 
and 304 K war a uaad to darlwa tba racnaaaamlad Arrbanina expression, doa to tba ebaarvad non-llnaar 
Anbanlua bahcvior (Clyna ot al . (1864), Cloogb and Ibroab (1867), Blrka at al .. Mlchaal at al . 
and Bordara and Blrka). Clough and Thrush, Blrka at al .. Schnrath at al . (1881), and Mlchaal 
at al . barn all raportad Individual Arrbanina par m et era for aada of tba tan prl wary reaction 
channel a. Tba raoge of values for k at stratoapbarlc taaparataraa la era sadist. larger than Mould 
be expected for such m easy reaction to study. The ■eae or sne nt a of Starkawi and Blkl (1873) and 

~ Baaaand at al . (1974) at 288 K ara in excall ant agreaaaant with tha raccaaaandad value of k at 296 I. 

CU. M0 e BOj. Tba racoMaandatlon for BOj 4 B0 la baaad on tha average of sir aaaaurananta of tba 
rata constant near rocn taaperatara: Howard and Evanacn (1977), Leu (1978b), Howard (1979), 
Oleachlck-Schlamf at al . (1379), Back at al . (I960), and Thrush and Wilklnaoi (1881a). ' All of~ 
those era in quite good agraanant. An earlier study. Burrows at al . (1978), baa been dropped 
because of an error in the reference rate constant, k(CB 4 H^O^). Tba rocn tanperature study of 
Roxanshtein et al . (1984) baa also bean disregarded due to an Inadequate discussion of possible 
secondary reactions. Tba temperature depandance la fron Howard (1880) md is In reasonable 

agraanant with that given by Leu (1979b). A high pressure study is needed In view of the Many 

unusual affects seen in other reactions. 

C12. HO 4 B0j. Changed froa JFL 83-37. The 298 X racc an an d atloo Is based on tba studies of Torabi 
and Ravishankara (1984), Haaaaer at al . (1886) and Sander and firebar (1986), which ara in excellent 
agraanant. Tha T dependence is baaed on an enrage of tba results from Sander and Kir char, and tba 
data of Haczaer et_al. belo.* 300 K. 

CD. CH 4 HH0 3 . The intensive study of this reaction over the past few years has significantly reduced 
any of tba apparent discrepancies mong (a) the early studies yielding a las, temperature independent 
rata constant (Saith and Ze liner, 1973 and Mar gi tan at al . ■ UTS); (b) acre recant work (mostly flash 
photolysis) with a k(298) approxiaataly 40Z larger, and a strong negative T dependence below room 
tanperature (Hina et si . . 1981b; lurylo et al .. 1982a; Margitan and Watson, 1982; Marinalli and 
Johnston, 1982a; Ravishankara et al . . 1982; Jourdain et al . . 1982; C. A. Salth et al . . 1984; Jolly 
et al . . 1983 (298 K) , Stachnik et al . ■ 1986); and (c) recant discharge Low studies yielding the 
lower value for 1(293 1) but showing substsntial negative T dependence (Deeulder et al .. 1984: 
Connell and Howard, 1983). Major features of the data are (1) a strong negative T dependence 
below roan temperature. (2) a ouch weaker tanperature dependence above room tmperatura, possibly 
leveling off around SCO K, (3) small, measurable pressure dependence which became greater St low 
taeiperatures. The pressure dependence has bawl date min ad by Margitan and Watson (1982) over the 
ranges 20-100 torr and 223-298 K and by Stachnik et al . (1986) at pressures of 10, 60 and 730 torr 
at 298 K. The two studies are in excellent agreement. Their "low pressure limit" agrees well 
with the average 1 (298 I) • 1.0 x 10 ^ ca^ a 1 derived fron the four low pressure discharge flow 
studies. Tha values measured for pressures typical of the other flash photolysis studies (20-30 
torr) also agree well. The two pressure depmdsnee studies indicate that the high pressure Unit 
is approxiaataly 30Z greater than the las pressure Halt at 298 K, sod about a factor of 2 greater 
at 240 K. Thus, over tha narrow pressure ranges explored In aaost flash photolysis studies, the 
P dependence would escape notice. For taaparatures below 300 K. the pressure and t asp nature 
dependence can be represented by combining a lew pressure (biaolecular) limit, k Q . with a 
Lindsmena-Hlnahelwood expression for the P dependence: 
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7.2 * 10‘ 13 ~«xp<7ej/T) 

4.1 X 10* 18 «xp<14*0/T) 

1.9 X 10‘ 33 «xp(723/T) 

tnd high prwaun limits for the "association" 
cb«m«l. The valua of k at high pressures la the stmt k fl + k^. The weak pressure dependence 
sod weak T dependence above 300 X explain many of the apparent discrepancies for all the data 
(including the 1975 studies), except for a few minor features which are probably due to the 
normally encountered experimental scatter. The Smith mA Zellnar flash photolysis values are 
lorn coopered to other flash systems (closer to the floe studlee), although the difference is 
not ig n is ua I (—3 OX). Conversely, - the Jourdaln at el . floe study is high relative to the other 
ones. The Cornell and Boeard 7 dependence (beloe 300 7) la significantly weaker than the other 
studies. The failure of Smith at el . to observe e pressure affect bet w een 50 and 760 tor r, even 
at 240 X, is in sharp conflict with tbs effect seen by Staehnik ft el . over the seae rss« in 
a much mors detailed study. Jolly at si . , also could not detect a pressure dependence between 
1 torr (M - HHOj) and 600 torr (M - SF g ) at 296 X. Kelson at si . (1961), Jourdaln at el . and 
Rsrvlshsnksra at el . have all shown that within experimental error the yield of HO^ (per OH 
removed) is unity at 298 X, with similar results at 250 X (Ravishankara at el .). 

Cl*. OH + 80^® The r ec amends t ion for both k at 288 X and tha Arrhenius expression is based upon 
the data of Trevor at si . (1982), Barnes at al .~~(l'981). C. A. Saith at al . (1984) and Barnas 
at el . (1986b). Trevor et al . studied this reaction over the temperature ran** 246-324 X and 
reported a temperature invariant valua of 4.0 x 10 12 ca^ molecule 1 a \ although a weighted 
least squares fit to their data yields an Arrhenius expression with an E/R value of (1931193) K. 
In contrast. Smith et si . studied the reaction over the temperature range 240-300 X and observed 
a negative temperature dependence with an E/R value of -(650130) X. The early Bamei et al . 
study (1531) was carried out only at room temperatura and 1 torr total pressure while thsir most 
recent study was performed in the pressure range 1-300 torr "‘U* teng>er store range 263-295 X 

with no rate constant variation being observed. In addition, k- Qfl derived in Barnes et al . 

-12 -12 

(1981) was revised upward in the later study from 4.1 x 10 to 5.0 x 10 due to a change in 
the rate constant for the rafarence reaction. "Use values of k at 298 X frocr the four- studies 
axe in excellent agreement. An unweighted least squares fit to the data from tha above- 
mentioned studies yields the recocnended Arrhenius expression. The less precise value for k at 
288 X reported by Littlejohn end Johnston (1980) Is in fair agreement with the recommended valua. 
The error limits on the recommended E/R are sufficient encompass the results of both Trevor et al . 
and Smith et al . It should be noted that tha values of k at 220 X deduced from the two studies 
differ by a factor of 2. Clearly additional studies rZ k as a function of temperatura and the 
identification of the reaction products are needed. 

CL5. + HO^. Baaed on least squares fit to data in studies of Davis et al . (197 4b), Graham and 

Johnston (1974) and Huie and Barren (1974). 


CIS. 0 3 ♦ EKO^. Baaed on Xaiaer and Japar (1977) and Strait et el . (1979). 

C17. + ^ 2 °* Upper limit based on Tuaxon et al . (1983) and Hjorth et al . (1987), who suggest 

that this limit may be close to the true homogeneous rate constant. 

C13. CH ♦ HRj. The rec amended valua at 298 X is the average of the valuta reported by Stuhl (1973b), 
Smith and Zellnar (1975), Perry et al . (1976b), Silver and Xolb (1980), mA Stephans (1984). The 
values reported by Pagaberg et al . (1979) and Cox et al . (1975) wrt not considered because these 
studies involved the analysis of a complex mechanism kA the results are well mitside the error 


k-(Ml 

k(M.T) - k ♦ * with k, - 

° V MJ 



Tb. co.ttlei.at, k^ rod k 2 ar, th. tomclaculu: 
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limits implied by the sbovs five direct studiss. Tbs rssults of lurylo (1973) end Heck st al . (1974) 
wars not considered bscauss of thsir large discrepancies with the other direct studies (factors of 
3.9 and 1.6 at room temperature, respectively). The temperature dependence is based on the results 
reported by Smith and ZelLner , Ferry et al. , Silver and Kolb, end Stephens, and the pre- exponential 
factor has been selected to fit the recoomended room taoperature value. 

C19. + BC^. There is a fairly good agreement on the value of k at 298 K between the direct study 

of Kurasewa and Lesclaux (1980b), and the relative studies of Cheskis and Sarkisov (1979) end 
Pag sb erg et al . (1979). The reccanended value is the average of the values reported in these 
three studies. The identity of the products is not known; however, Kurasewa and Lesclaux suggest 
that the most probable reaction channels give either VH 3 + 0^ or HBO ♦ H^O as products. 

C20. NH^ ♦ NO. The reccanended value for k at 298 K is the average of the values reported by Gordon 
et al . (1971), Gehrlng et el . (1973), Lesclaux etal . (1975). Hancock et el . (1973), Sarkisov et al . 
(1978), Back et el . (1979b), Stief et el . (1982), Silver and Kolb (1982). and Whyte and Phillips 
(1983). The values reported in these studies for k at 298 X range from 8.3 to 27.0 (x 10 cm 3 
molecule" 1 s” 1 , which is not particularly satisfactory. The results tend to separate into two 
groups. The flash photolysis results average 1.9 x 10 11 c m 3 molecule 1 s 1 , while those obtained 
using the discharge flow technique average 0.9 x 10 11 cm 3 molecule 1 s 1 . The apparent dis- 
crepancy camot simply be due to e pressure effect as the pressure ranges of the flash photolysis 
and discharge flow studies overlapped, and none of the studies observed e pressure dependence for 
k7 There have~be~eh four studies of the temperature "dependence of k. Each study reported k to 
decrease with increasing temperature, i.e. T 1 ’^ 3 (Lesclaux et al . from 300-300 X), T 1,33 
(Hack «t al . from 210-503 K>. T -1 ' 67 (Stlaf at al . from 216**80 K) and T* 23 .xp(-68*/T) (Silvar 
and Kolb from 294-1213 X). The reccanended temperature dependence is taken to be a weighted average 
of the data below 500 X from ell four studies. The expression is: k « 1.6 x 10 11 (T/298)" 1 * 3 

for the temperature range 210-300 X. 


There are many possible product channels for this reaction. Strong evidence against the formation 
of H atoms axists. Both Silver end Kolb (1982) and Andres an et al . (1982) report substantial yields 
of OB of 401 and >651, respectively, in disagreement with Stief et al . (1982), Hall et al . (1986) 
and Dolson (1986) who observed room temperature - OB yields of~<22X, 13±2Z snd <13Z. respectively. 
In addition, Andresen et al . set a lower limit of £291 for the channel N 2 ♦ H^O. 

C21. N&2 + N0 2 * There have been four studies of this reaction (Heck et al . (1979b), Kurasawa and 

Lesclaux (1979), Whyta and Phillips (1983) and Xiang et al . (1985)). There is very poor agreement 
among these studiss both for k at 298 K (factor of 2.3) and for the temperature dependence of k 
(T 3,0 and T 1 * 3 ). The recoaz&ended values of k at 298 K and the teoqperetnre dep en dence of k are 
averages of the results reported in these four studies. Hack et aj . have shewn that the predominant 
reaction channel (>931) produces HjO + H^O. ... Just as for the + NO reaction, the data for this 
reaction seem to indicate a factor of two discrepancy between flew and flash techniques, although 
the data base is ouch smeller. 

—18 

C22. + 0 2 . The re commands t ion is based on the reported upper limits of 3 x 10 (Lesclaux and 

Damlssy, 1977). 8 x 10' 1S (Pagsb.rg «t «! .. 1979), 1.5 x ID* 17 (Cheskis md Sarklaov, 1979). 
3 X lO* 18 (Lozovsky «t al . . 198*), 1 x ID -17 (Pstrlek mod Golden, 198*b) and 7.7 X 10‘ 18 
(Michael «t .1 . , 1985b) .11 expressed as blaolaeular rata constants with mite of ca 3 s . Th. 
termolaculas rat. constant upper limit would b. 2 X 10 38 cm 8 a 3 . Th. valuaa r .pert-.d by Back 

at al . (1982). k - 3.6 x 10* 33 (T/295)' 2 cm 8 a" 1 and Jayanty «t al . (1976). k - * x 10“ 13 cm 3 
a -1 as. not used in arriving at tha raconnwndatlcn. Hack and Kurxke (1985) bav. observed a 
reaction batwMn HH 2 and 0 2 ( 3 A), obtaining a rata constant ol (1 t 0.3) x 10 34 cm 3 molecule' 1 
a 1 between 295 and 353 1. 
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C23. Oj» Changed-frcm JPL-83-627 There-is-poor liTNONnt between the recant studies of Patrick 

and Golden (1984b), k(298) - 3.25 x 10~ 13 cm 3 •“*, and tbs earlier studies by Hack et al . (1981), 
1.84 x 10 13 cm 3 s Bulatov efr al . (1980), 1.2 X 10 33 cm 3 s and Ttirsaaira -rjd Lesclaux 

(1980a), 0.63 x 10 13 ca 3 s The very low value of Kurasawa and Lescla*xx may be due to 

regeneration of HH^ from secondary reactions (see Patrick and Golden), and it is disregarded here. 
The discharge flow value of Hack et al . is nearly a factor of two less than the recent Patrick and 
Golden flash photolysis value. The large discrepancy be t we e n Bulatov et al . and Patrick and Golden 
eludes explanation. The recommendation is the k(298) average of these three studies, and E/R Is 
an average of Patrick and Golden (1151 K) with Hack et el . (710 I). 

Dl. OH + CO. The recccmendation allows for an increase in k with pressure. The zero pressure value 
was derived by averaging all direct low pressure determinations (those listed In Baulch et el . 
(1980) and the values reported by Dreier end Wolf rum (1980), Buaain et al . (1901), Rar is banker a 
and Thompson (1983), Paraskevopoulos and Irwin (1984), Bofzismahaus «id Stchl (1984), and Fritz 
and Zellner (private cocmunication, 1987)). An increase in k with pressure has bsen observed by a 
large number of Investigators (Over end and Paraskevopoulos (1977a), Perry et el . (1977), Cban et el . 
(1977), Biennan et al . (1978), Cox et al . (1976b), Butler et el . (1978), Paraskevopoulos and Irwin 
(1982b, 1984), DaMore (1984), Hofzu&ahaus and Stuhl (1984), Fritz nd Zellner (private cocnoni cation, 
1987), Hynes et al . (1986), Stachnik and Molina (private communication, 1987) and Hahner and Zetzsch 
(private coomuni cation, 1987). In addition, Niki et al . (1984) have measured k relative to 0B + C^H^ 
in one atmosphere of air by following CO 2 production using FTIR. The recocnsnded 298 K value was 
obtained by using a weighted non-linear least squares analysis of all pressure dependwit data in 
N 2 ( Paraskevopoulos -and~Irwin-( 1964). DaMore (1984), Bofztsahaus -mxl Stuhl (1384) and Hynes et al . 
(1986)) as well as those in air (Fritz and Zellner (private comrsmi cation, 1987), Niki et al . 
(1984), Hynes et al . (1986), Stachnik and Molina (private ccnraml cation, 1987), Wabner and Zetzsch 
(private coaxnunication, 1987) to the form k " (A+BP)/(C+DP) where P is pressure in atmospheres. 
The data were best fit with D « 0 and therefore a linear form is recoasended. 

Previous controversy regarding the effect of small amounts of 0 2 (Bierman et al . ) has been resolved 
and is attributed to secondary reactions (DeMore (1984), Bo f zixaa h aus and Stuhl (1984)). The results 
of Butler et al . (1978) have to be re-evaluated in the light of refinements in the rate coefficient 
for the OH + ^ 0 2 r taction. The corrected rate coefficient is in approximate agreement with the 
recoozDended value. Currently, there are no -indications to suggest that the presence-of 0 2 any 

effect on the rate coefficient other than as a third body. The E/R value in the pressure range 
50-760 torr has been shown to be essentially zaro between 220 and 298 K by Hynes et al . (1986), 
and Stachnik and Molina (private cocxaunications , 1987). Further substantiation of the temperature 
independence of k at 1 atm. may be worthwhile. The uncertainty factor is for 1 atm. of air. In 
the presence of 0 2> the BOCO intermediate is converted to B0 2 ♦ C0 2 (DeMore, 1984). Beoo et al . 
(1985) observe an enhancaoent of k with water vapor which is in conflict with the flash photolysis 
studies, a.g.. Ravisbankara and Thompson (1983), Paraskevopoulos and Irwin (1384), DeMore (1984), 
and Hynes et al .' (1986). ’ 

D2. Cfl + CH^. This is an extremely well characterized reaction. All temperature dependence studies 
are in good agreement (Greiner (1970b), Davis et al . (1974a), Margitan et al . (1974), Zellner and 
Steinert (1976), Tully and Ravlshankara (1980), Jeong and K a ufm a n (1982)). Dee to this good agree- 
ment. and the curved nature of the Arrhenius plot at higher temperatures, the value of Davis et al . 
obtained in the temperature interval 240 <T <373 K is recommended. 

D3. CH + 13 CH 4 < k 13 3 ' r ** ction been studied relative to the OH ♦ CH^ (k^) reaction, since 

the ratio of the rate coefficients k x3^12 th# ( Z UAntlt F Medad for identifying methane sources. 
Rust and Stevans (1980) obtained a value of 1.003 for * 13/12 298 K while the recant measurement 

of Davidson et al . (1987) yields 1.01010.007 at the same temperature. Bo data on the taeperature 
dependence of k 13 A 12 is available. We have recconended the value measured by Csvidscn et al . since 
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they present sews reasons as to 1 4jy Bust sod 3 taverns* Talus could bs low. lbs error bar is 
1.01010.007 sod it overlaps with the Measured value of Suet sod Stevens. 

04. 0B + CjHj. There is good agrsMsnt sesoog nine etudiea of this reaction at 28S X, l.e., Greiner 
(lB70a), Howard end Evenson (1976b), Overand at el . (1S7S), Lee and Tang (1982), Leu (1970b), Tolly 
at el . (1883), Jacog at el . (1984), Tully at el . (1986), and lielaen at el . (1986). All theaa 
studies were not carried out at erectly 298 I. Therefore, we have recalculated the 296 X value, 
by asswing an E/R of 1100 K, for those studies idiere the roas tsapereturs was not 298 X. The 
average of these nine aeasuramsnts is k(298 X). The teaperature dependence was cceputed by using 
the date of Greiner (1970a), Tully at el . (1983), sod Jeaog et el . (1984). Higher teepersture 
results of Health at el . (1983), and Tully at el . (1986) are in agreensnt with the recoeawnded 
value. Sac wit eeasiirwents by Wellington at el . (1987b) over the ta^erature range 234-438 X are 
in good siraeiianf with the recowanded values. 

03. OH -a CjHj. There are suaxy measuracaents of the rate coefficiant at 298 X. In this avaluatlan we 
have considered only the direct neasuraewnts that are reported in the literature. These ere 
me asur sweats by Greiner (1970e), Tully at el . (1983), Droege and Tully (1988), Schmidt at el . 
(1983), Baulch et el . (1983), and Bradley at el . (1973). The 298 X value is the average of these 
six studies. Greiner (197Ca), Tully at el . (1983), and Droege and Tully (1986) have SMSeurad the 
taoparature dep en dence of this reaction, and the recoonsoded Z/K was obtained fren a linear la set 
squares analysis of the data from these studies at T below 300 X. The A-fector was adjusted to 
reproduce k(298 X).~ This- reaction has two possible channels, l.e. .-abstraction of tha primary or 
the secondary H-atow. Therefore, non- Arrhenius behavior is exhibited over a wide temperature rmge, 
as shown by Tully et el., and Droege end Tully. Tha branching ratios were estimated from tha latter: 

''primary " 6 3 x 10 ~ 12 sxp(-1050/T) cm 3 molecule" 1 s* 1 
Secondary ” 6,2 1 10 ' 12 «PC-5S0/T) cm 3 molecule" 1 s" 1 

These nuabers are In reasonable agreement with tha oldar data of Greiner. 

D6. OH ♦ E^CO. Tha vain* for k(298 I) is tha average of those -determined by Atkinson and Pitts (1378) 
and Stief et al . (1980), both using the flash photolysis- rssonancs fluorescence technique. Ths 
value reported by Harris end Hlki (1971) agrees within the stated uncertainty. There are two 
relative values which are not in agreement with the recaanendations. The value ot Niki et al . 
(1978b) relative to C8 + is higher while the value of Smith (1978) relative to 0B + CB is 

lower. The latter data are also at variance with the negligible temperature dependence observed 
in the two flash photolysis studies. Although Atkinson and Pitta assign a small activation anergy 
(E/R - 901150), their data it 356 K and 426 K and that of Stiaf et al . at 228 K, 257 K and 262 K 
are all within' 101 of' the k( 293 K) value. Thus, thejeoabined data se_t suggests E/R m 0. The 
abstraction reaction shown in the table is probably the major channel; other channels may contribute 
(Horowitz et al . . 1978). 


07. OH + CRjCHO. There are six measurements of this rate coefficient at 298 K, Morris et al . (1971), 
Niki et el . (1976b), Atkinson and Pitts (1978), Kerr md Sheppard (1981), Seam es et al . (1985), 
and Michael et al . (1985a). The racoexaended value of k(298 K) is the average of these measurenMnts. 
Atkinson and Pitts, Senses et al . . and Michael et al . measured the temperature dependence of this 
rete coefficient and found it to exhibit a negative temperature dependence. The recomnended value 
of E/R is the average E/R of these studies. The A-factor has been adjusted to yield tha recom- 
mended value of k(2S8 K). 
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08. CH ♦ C8.0CB. The rtcomndid value is that of Niki et si . (1083). They BMiond the rsfcs coefficient 

relative to that of 06 with by Monitor in* CfljOOH disappe ar an c e us in* «s FTDl system. This 

measured value is very fast and hence is not expected to shew substantial teog>erature dependence, 
Niki at al . hava da tarn in ad that tha rata eoaffieiant for H-atcm abstraction from tha CB^ troop 
is ap p r ox ioa ta ly 0.7 times that for H-atom abstraction fras tha 08 group. Independent, dir act 
maasuraaianta of this rata eoaffieiant ara naadad. 

09. OH + S3. This r a action is pres sura dependant. Tha r sc emended value is tha high pressure limit 
measured by Frits at al . (1984) using a laser photolysis-resonance fluorescence apparatus. Phillips 
(1978) studied this reaction using a discharge floe apparatus at loaf pressures and found tha rata 
coefficient to have reached the high pressure limit at -10 torr at 298 X. Frits at si .* a results 
contradict this finding. They agree with Phillip's measured value, within a factor of two. at 7 
torr but they find k to increase further with pressure. The products of the reaction are unknomi. 
The measured A" factor appears to be low. 

010. OB + CB^CX. This rate coefficient has been measured as a fra c ti o n of temperature by Harris et al . 
(1981) between 298 end 424 X, Xurylo and Knable (1984) between 230 and 363 X. end Rhasa and Zellner 
(private communication, 1987) between 293 and 320 K. In addition, the 298 X value has been measured 
by Zstzsch (private communication, 1987) and Poulet et al . (1984a). The 298 X results of Harris 
et al . ere in disagreement with ell other measurements and therefore have not been included. The 
recommended 298 X value is the average of all other studies. The teaqperature dependence was computed 
using tha results of Xurylo and Xhabla (230-363 X) and tha lower tempera ture values (i.a. . 293-391 X) 
of Rhasa and Zellner. Two points ara worth noting: (a) Rhasa and Za liner observe a curved Arrhenius 
plot even in the temperature range of 293-320 X snd therefore extrapolation of the recomnended 
expression could lead to large errors, and (b) Zetxsch observed a pressure dependent increase at 
k(298 X) which levels off at about 1 atmosphere. This observation is contradictory to the results 
of other Investigations. A complex reaction cschanlam cannot be ruled out. The products of the 
reaction are unknown. 

Dll. H0 2 + CH^O. It is believed that this raaction proceeds through addition of BO^ to CH^O (Su et al . . 
1979b, c, Veyret et al . . 1982). The value of the rate coefficient deduced by Su et al . (1979c), 
based on modeling a complex system involving the oxidation of CH^O. is approximately seven times 
lower then that obtained by Veyret et al . (1982), who also modeled a complex system. The recommended 
value is an average of the two measurements and is very uncertain. Su et al . (1979c) have deduced 
that the lifetime of the adduct towards decomposition to CH^O and HC^ is -1 sec at 298 X. 

D12. 0 + 33. This reaction has been studied at high temperatures, i.e. , T >1000 X, because of its 

importance in combustion systems, Roth et al . (1980), Sxekelv et al . (1984), and Louge and Hanson 
(1984). Davies and Thrush (1968) studied this reaction between 469 and 374 X while Ferry and 

_ Melius (1984) studied it.between 340 and 900 X. Results of Perry _.and Melius are in agreement with 
those of Davies and Thrush. CXir recommendation is based on these two studies. This*r taction has two 
reaction pathways: 0 + BCN -* H ♦ NCO, AH - -6 keal/mol (ka); midO + BCH-CO + NH (kb), AH - -36 
kcai/mol. The branching ration k^/k^ for these two channels has been measured to be -2 at T “ 860 X. 
The branching ratio at lower temperatures is unknown. 

D13. 0 + ^2^2* I* 1 * value at 298 X la an average of ten measurements; Arrington et al . (1963). Sullivan 

and Waraeck (1963), Brown and Thrush (1967). Hcryermann et al . (1967. 1969). Westenberg and deHaas 
(1969b), James and Glams (1970). Stuhl and Niki (1971), Westenberg and deHaas (1977), and Aleksandrov 
et al . (1981). There is reasonably good agreement among these studies. Arrington et al . (1963) 
did not observe a temperature dependence, an observation which was later -nown to be erroneous by 
Westenberg and deHaas (1969b). Westenberg and deHaas (1969b). Hoysnoazxn et al . (1969), mid 
Aleksradxov et al . (1981) are the only authors who have measured the temperature dependence below 
500 X. Westenberg and deHaas observed a curved Arrhenius plot at higher temperature. In the range 
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195-450 K, Arrhenius behavior provides sn adequate description and the E/R obtained by a fit of the 
data from these three troop* in this temperature range is reccDsaended. The A-factor was calculated 
to reproduce k(298 K). This reaction can have two sets of products, i.e., C^BO + H or CH^ ♦ CO. 
Under molecular bean conditions CjBO has been shown to be the major product. The study by 
Aleksandrov t al . using a discharge flow-resonance fluorescence method (under undefined pressure 
conditions) indicates that the C 2 0O + H channel contributes no more than 7Z to the net reaction at 
238 K. while a similar study by Vinickier et si . (1985) suggests that both CI^ «nd CH^O art formed. 

D14. 0 ♦ H^CO. The reconroended values for A, E/R and k(298 K) are the averages of those determined by 

llama (1979) using flash photolysis-resonance fluorescence (250 to 498 K). by Klacxn et al . (1980) 
using discharge flow- resonance fluorescence (298 to 748 K) and Chang and Barksr (1979) using 

discharge flow-mass spectrometry (296. to 436 K). All three studies axe in good agreement. The 

k(298 K) value is also consistent with the results of Niki et al . (1969), Barron and Fenzhorn 
(1969), and Mack and Thrush (1973). Although the mechanism for 0 + H^CO has bean considsrad to be 
the abstraction reaction yielding OH + SCO, Chang aid Barker suggest that an addition channel 
yielding B + HCO 2 may be occurring to the extent of 30Z of the total reaction. This conclusion is 
based on sn observation of C0 2 as a product of the reaction under conditions where reactions such 
as 0 + HCO *• H ♦ CO 2 and 0 + BCO -• OH + CO apparently do not occur. This interesting suggestion 
seeds independent confirmation. 

D15 . 0 + CH^CBO. The recoczMnded k(298 K) is the average of three measurements by Cadle and Powers 

(1967), Mack and Thrush (1974), and Slnglaton at al . (1977), which are in good agreement. Cadle 
and Powers and Singleton et al . studied this reaction as a function of temperature between 298 1C 
m d 475 K and obtained very similar Arrhenius parameters. The recommended E/R value was obtained 
by considering both sets of data. This reaction is known to proceed via H-atom abstraction (Mack 
and Thrush, 1374; Avery and Cvetanovlc, 1965; and Singleton et al .. 1977). 

D16. Z f CH^. The recocraanded k(293 K) is the weighted average cf three measurements by Washida and 
Bayes (1976). Washida (1980), and Plunb and Ryan (1982b). The E/R value is based on the results 
sf Washida and Bayes (1976), who found k to be independent of temperature between 259 and 341 K. 

D17 . C3-, + 0«. This bimolecular reaction is not expected to be important, based on the results of 

J z -n 3 -i 

Baldwin and Golden (1978a), who found k < 5 x 10 cm molecule s for temperatures up to 

1200 K. Klais et al . (1979) failed to detect OH (via C&. + 0, - CH-0 + OH) at 368 K and placed an 
-16 3 -1 -1 J * • 

upper limit of 3 x 10 cm molecule s for this rate coefficient. Bhaskaran et al . (1979) 
measured k - 1 x 10* 11 exp(-12,900/T) cm 3 molecule * s 1 for 1600 <T <2200 K. The latter two 
studies thus support the results of Baldwin and Golden. Recent studies by Selzer and Bayea (1983) 
and I limb and Ryan (1982b) confirm the low value for this rate coefficient. Previous studies of 
-ashida and Bayes (1976) are superseded by those of Selzer and Bayes. Plumb and Ryan have placed 
si upper limit of 3 x 10 cm 3 molecule 1 s 1 based on their inability to find HCHO in their 
experiments. 

D18. + 0 2 - The rate coefficient was first measured directly by Radford (1980) by detecting the 90 2 

product in a laser magnetic resonance spectrometer. The wall Loss of CH 2 0B could have introduced 
a large error in this measurement. Radford also showed that the previous measurement of Avramenko 
tod Kolesnikova (1961) was in error. Wang et al . (1984) measured e value of 1.4 x 10 ^ cm 3 
molecule ^ *"* by detecting the B0 2 product. Recently, Dobe et al . <1985), Grotheer et el . (1983), 
wad Payne et il . (1987) have measured k(298 K) to be close to 1.0 x 10 11 cm 3 molecule 1 s * under 
renditions where wall losses are small. The recomaended value is the average of these three studies. 

zero. Very recently, Stlef 
this reaction. 


Since this reaction is quits fast the E/R is expected to be close to 
(private canonic at ions) has obtained e positive activation energy for 
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D19. CH^O •¥ 0 2 . The recommended value for k(298 X) is ths ivaraja of those ra port ad by Lorenz 
•t el . (1982) and Wantuck at al . (1987). Tha reeomasnded A* factor and E/R are thoaa obtained 
using tha rasults of Gutmsn at at . (1982) , Lorenz at al . (1985), and Wantuck at al . (1987) in tha 
twparatura rsnge 298 to 200 X. Thaaa invastigators hava measured k directly under pseudo~£irat 
order conditions by following CH^O via laser induced fluorescence. Tha temperature intervals 
ware *13 to 608 X (by Gutman et al . ), 298 to 450 X (by Lorens at al .). and 298 to 973 X (by Wantuck 
et al .). Coz at al . (1980) used an and product analysis technique to measure k down to 298 X. The 
previous high temperature measurements (Barker at_ il . (1977) and Batt and Robinson (1979)), are in 
reasonable agreement with tha derived expression. k(298 X) is calculated from the recomnanded 
expression. This value is consistent with the 298 X results of Cox at al . (1980) and with the 
upper limit measured by Sanders at el . (1980b). The A-factor appears to be too low for a hydrogen 
atom transfer reaction. The Arrhenius plot is curved at higher temperature (Wantuck et al .). The 
reaction may be more cooplicated than a simple abstraction. The products of this reaction ere 
30 2 end C^O, as shown by Niki et al . (1981), which is consistent with a reported yield of 
0.85±0.15 (Zellner, private communication, 1987). 

D20. BCD + 0 2 . The value of k(298 X) Is the average of the determinations by Weshids et al . (1974), 
Shibuya at al . (1977), Veyret end Lesclaux (1981), and Langford and Moore (1984). There ere three 
measurements of k where BCO wee monitored via the lntracavity dye laser absorption technique (Reilly 
et el . (1978), Nadtochenko at al . (1979), and Gill ft al . (1981)). Even though there is excellent 
agreement between these three studies, they yield consistently lower values than those obtained .by 
other techniques. There are several possible reasons for this discrepancy: (e) The relationship 

between BCO concentration and laser attenuation might not be linear, (b) there could have been 
depletion of 0 2 in the static systems that were used (as suggested by Veyret end Lesclaux), and 
(c) these experiments were designed more for the study of photochemistry then kinetics. Therefore, 
these values are not included in obtaining the recomnanded value. The recomnanded temperature 
dependence is essentially identical to that measured by Veyret and Lesclaux. We have expressed 
the temperature dependence in an Arrhenius fora even though the authors preferred a T 11 form 
(k - 5.5 z 10~ U I-<°- 4±0 - 3) cm 3 ool.culV 1 i' 1 ). 

D21. CH 3 ♦ 0^. The recommended A* factor and E/R are those obtained from the results of Ogryxlo et al . 
(1981). The results of Simonai&ls and Seicklen (1975), based an an analysis of a complex system, 
are not used. Washida et al . (1980b) used 0 + as the source of CH^. Recent results (Buss 

et el . (1981), Xleinermanns and Luntz (1981), Hunziker et al . (1981), and Inoue and Akimoto (1981)) 
have shown the 0 + reaction to ba a poor source of CH^ . Therefore, the results of Washids 

et al . are also not used. 


022. CH^O^ + 0^. There are no direct studies of this reaction. The quoted upper limit is based on 
indirect evidence obtained by Simonaitls and Heicklw) (1975). ~ 

D23 . CB^O^ + CHLjC^. The recoemended value for k(298 X) was derived from the studies by Hochanadel 
et al . (1977), Parkas (1977), Anastasi et al . (1978), Kan et al . (1979), Sanhueza et al . (1979), , 
Zr? Sander and Watscn (1981c), Me Ad an et al . (1987), and Kurylo and Walling ton (1987). All the above 

- determinations used ultraviolet absorption technical#* to monitor CH 3 0 2 end hence measured k/<x, 

where <r is the absorption cross section for CH 3 0 2 et the monitored wavelength. Therefore, the 
derived value of k critically depends on the value of 9 used. Currently, there ere large 
discrepancies ( approximately e factor of 2) between Che values of a measured by Hochanadel et el .. 
sj. Parkas, Sander and Watson, Adachl et el . (1980), McAdam et el . (1987), and Kurylo et el . (1987a). 

To obtain the value et 298 X, an average value of 9 at 250 nm was obtained. Using this value of 9 
end the weighted average value of k/<r at 250 nm the value of k(298 X) was derived. The reccenended 
temperature dependence is that measured by Sender and Watson (1981c) and Kurylo and Wellington 
(1987) using a value of 9 independent of T. It is not clear whether the above procedure of 
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recalculating k using ■> mri|a value of 9 is valid. Tbarafora, tbs error limits have ban 
increased to anccay aa a the values of k calculated by various author a. This reaction has 
three possible seta of products, i.a. , 


aCHjO ♦ Oj 

CHjOj V CHjOj ■» CHjO V CBjCB V Oj 


CHjOOCHj 


♦ O, 


*b 

k. 


_FTI2_«tudi.#a b/JCn et al . (1060) and Hiki tt <1 . (1S91) are la re a so n a b le agra— wit, on branching 
ratios at 209 K; k^/k -0.33, k^/k -0.10. Because of tha existence of multiple pathway, tha 
temperature dapan d a oc a of k may ba complex. Further work la required on both tha tamparmare 
dapaodaaea and tha variation of br anchin g ratios with t— perature. 


D24. CS^O^ + K). Tha vslua of k(298 K) is tha average of tbosa determined by Sender sad Watson (1080), 
Ravishaskara at al . (1081a), Cox and Tyndall (1980), Pitch at al . (1981), Slnonaitia and Haicklan 
(1981) and Zallnar at al . (1986). Values Invar by wora than a factor of two havs baan raportad by 
Adacbi and Basco (1070) and Slnonaitia and Haicklan (1979). Tha fornar dir act a tody was probably 
in arror because of interference by CH^dlO formation. Tba raaulta of Slnonaitia Haicklan 
(1979) and Pltmfc at al . (1979) ara assumed to beeoperseded by thalr nora r scant valoas. Revishackara - 
at al . (1061a) and Slnonaitia and Haicklan (1061) hava measured tha tamparatura dapandanca of k 
ovar lini tad taaparatura rangas. Tha reconaended A-f actor and E/S wara obtain ad by a laast squares 
analysis of tba data from tha two studlas. Tha vmlua of k(218 K) obtainad by iinonaitls and Haicklan 
(1981) is not included; however, tba larga arror bornda allow tba calculated vain# of k at 218 X. 
to ovar lap that maasurad by Slnonaitia and Haicklan. Raviahaakara at al . (1961a) find that tha 
reaction charnel laadlng to NO^ accounts for at laaat SOX of tha reaction. Zelinar at al . (1986) 
hava maasurad tha yiald of CH^O to ba 1.010.2. Thaaa z a suits, in conjunction with tha indixact 
avidanca obtainad by Pata at al . (1974), confirm that formation la tha major, if not tha only , 
reaction path. 

D23. CH^jO^ 1 a0 2 . Tha room taaparatura value is that of Cox and Tyndall (1979, 1980). Cox and Tyndall 
also raport a larga nagativa E/R valua avar a tamparatura rengs 274-333 K, which is similar to 
that foind for tha 30^ + 30^ raactlon by many groups (saa nota on B0 2 + BO^) . Thar a ara larga 
discrapancias in tha valua of a CH^O^ (saa D24). Tbarafora, tha uncertainty has baan increased. 
Thara ara various othar racant raaaaurwaanta by Korylo at al . (1967b), Dagaut at al . (1987), TV fl li- 
st al . (1987), Cox (privata connuni cation) that yiald contradictory raaulta. Tbarafora, it is 
caution ad that tha raccenandad valua may ba incorract. In tba absacca of coosiatant data, «a 
_ hava da ci dad not to changa tha pxsvious racomaandation. Tha rata coafficiant naada independent 
varification at ona atmosphere, and furthar maaauraoanta of prassura, watar vapor, mid taaparatura 
dapandancaa. It ig also nacassary to aaasura tha yialds of products in this reaction to check for 
tha presencs of multiple pathways. 


D2S. 


»0 3 ♦ CO. 


Tha upper limit is baaed on tha raaulta of Ridley mid McFarland (privata 
1964) and HJorth at al . (1986). Ridley and McFarland aa time tad an upper limit of 1 x IQ*^ 3 ae 3 
molecule”* s' 1 based on thalr maaauraoanta of BO^ loss in excess CO. HJorth at al . obtainad an 
uppar limit of 4 x 10 19 cm 3 molecula * a * baaed on an FTIR analysis of isotopic ally labatwd 

CO loss in tha presence of IK)-. Burrows at al . (1983b) obtained an upper limit of 4 x 10~ 15 cm 3 
-1 -1 J 

molecule a , which is consistent with the other two studies. 


Products ara expected to be 


» 2 ♦ co 2 . 
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D27. W 3 + CBjO. Th.rw tn two UHBWQtl of this r«t« coofflclaot at 298 C. Atkina an «t «1 . (1984) 
and Can trail at al . (1988). Tha aalua raportad by Atkluwcp at al . (19't), k ■ (3.2310.28) z 10 16 
cm 3 ■olaeala” 1 i’\ t> corraetad to 3.8 z 10 18 em 3 aolacula 3 a 1 to account for tha 
dlffarant valua of tha aquillbrlia ccaatant for tha K)^ a K> 2 _ I^Oj raactlon that was aaaaurad 
avibaaqaant to thla a tody by tha aaaa troop ualnt tha aaa apparatua. Thla corractlon la In 
accordance with thalr auccaatioa (Tuaaon at al . 1984) . Tha -ralua raportad by Can trail at al .. 
k — 6.3 z 10* 15 ca 3 aolacula 3 a* 3 la la good agraaaaat. with tha corraetad value of Atklnaon 
at al . Tha recaaaandad value la tha average of thaee two atudiaa. Cantrell at al . have good 
evidence to auggaat that H90, and CHO era tha producta of thla reaction. Tha teoperatura 
dapandanca of thla rata coefficient is wikiwaai . 

D28. - SOj ♦ CHjCaO.-- Kew entry. Thera era four ■aaanrianf a of this rata constant. Morris and Kill (1974). 
Atkinson at al . (1984). Cantrell at al . (1988), Dlugakancky nd How a r d (private annlcatloo, 1987). 
Tha value reported by Atkinson at al . (1984), k ” (1.3410.28) z 10* 33 as 3 molecule 3 s 3 . Is 
corraetad to 2.4 z 10 33 ca 3 aolacula 3 ■ 3 as discussed for tha H0j a H^CO reaction above and as 
suggested by Tuscan at al . (1984). Tha ra rr— e nd e d value is tha average of the values obtained by 
Atkinson at al . (2.4 z 10 33 as 3 aolacula 3 a 3 ), Centra 11 at al . (2.1 z 10 33 cm 3 molecule 3 
a 3 ), and Dlugoksncky and Howard (2.74 z 10 33 ca 3 aolacula 3 a 3 ). The results of Morri* and 
Hikl agree with tha racanaandad value whan thalr original data Is rs-snalyzsd using tbs currsntly 

_ rscowssndsd value for tha squlllbrlf constant for the reaction !Oj + H 0j ^ H^Oj as shown by 
Dlugoksncky and Howard. Dlugoksncky and Bernard have studied tha taeparstura dapandanca of this 
raactlon. Thsir measured value of E/R is rscooaeodsd. Tbs A- factor has been calculated to yield 
k (298 ) racscmendad bars. Morris and Kiki, and Cantrell at si . observed the formation of H!Oj and 
PAH in thalr studies, which strongly suggests that HHC^ and CH^CO are tha producta of this reaction. 

El. Cl + Oj. Tha results reported far k(298 X) br Watson at al . (1976), Zahniaer at al . (1976), Kurylo 
and Braun (1976) end Clyne and Jip (1976a) are In good agreement, and have bean used to determine 
tha preferred value at this tasparatura. Tha values reported by Leu and DaMors (1976) (due to tha 
wide error limits) and Clyna and Matson (1974a) (tha value is inexplicably high) are not considered. 
Tha four Arrhenius expressions are in fair agreement within tha tamperaturs rings 203-300 X. In 
this ta^iratura range, tha rata constants at any particular tanperatura agree to within 30-40Z. 
Although tha values of tha activation energy obtained by Watson at al . and Kurylo and Braun era in 
excellent agreement, tha value of k in tha study of Kurylo and Brain la consistently (-17X) lower 
than that of Watson at al . This msy suggest a systematic undarastimata of tha rata constant, as 
tha values from tha other three agree so wall at 298 X. A more disturbing difference la tha scatter 
in tha values raportad for tha activation margy (338-831 cal/mol). However, there la no reason 
to prafsr any one sat of data to any other; therefore, tha preferred Arrhenius expression shown 
above was obtained by computing tha main of tha four results between 203 and 298 X. Inclusion 
.of higher tamperaturs (5 466_X) experimental data would yield tha (oil owing Arrhenius expression; 
k - (3.411.0) X 10* 31 exp(-310±7S/T). 

Vanderzanden end 3 irks (1982) b ave interpreted their observation of oxygen atoms In this systam as 
avi dance for some production (3.1-0.5X) of 0 2 (*X*) in this reaction. The possible production 
of singlet molecular oxygon in this reaction has also been discussed by DeMore (1981), in connection 
with the CI2 photosensitized decomposition of ozone. However Choo and Lau (1985) wera unable to 
detect 0 2 (*X) or 0 2 (*A) in the Cl ♦ 0 3 system and set upper limits to the branching ratios for 
their production of 5 x 10 * nd 2.5 z 10 2 , respectively. Thus the mechanism for production of 
oxygen atoms in this systam is tmelear. 

E2. Cl + This Arxhnius expression is based on tha data below 300 E reported by Watson et al . 

(1975), Lae at al . (1977), Millar and Gordca (1981), and Eita and Stecinan (1982). The results of 
these atudiaa axe in excellent agreement below 300 X; the data at higher temperatures are in somewhat 
poorer agreement. The results of Wetson at al . , Miller and Gordon, and Eita and Sted&aa agree 
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wall (altar extrapolation) with the results at Bensen at al . (1989) and Steiner and Rideal (1939) 
at higher twxrperatures. For a discussion of the large body of rata data, at high temperatures sea 
the review by Beulch at al . (I960). Hiller and Gordon and Kite and Stednai also measured the rata 
of the reverse reaction, and found the ratio to be in good agreement with eqoilibriisa constant data. 

E3. Cl + CH 4 . The values reported Iron the thirteen absolute rata coefficient studies for k at 298 X 
fall in the range (0.99 to 1.48) x 10 with a naan value of 1.15 x 10 13 . However, based 
upon the stated confidence limits reported in each study, the range of values far exceeds that to 
be expected. A preferred average value of 1.0 x 10 13 can be determined from the absolute rate 

coefficient studies for k at 298 X by giving equal weight to the values reported in Lin et el . 

(1978a), Watson et el . (1976), Naming and Xnrylo (1977), Whytock et al , (1977), Zahniser et al . 
(1978), Michael and Lee (1977), Keyser (1978). mad Ravishanfcara and Wine (1980). The values derived 
for k’at 2S8 X from the ' competitive chlo r ination studies of FriUhard et el . (1954), Inox (1955), 
Pritchard et al . (1955), Knox and gelscn (1959), end Lin et al . (1975a) range from (0.95-1.13) x 

10 * 3 , with an average value of 1.02 x 10 13 . The preferred value of 1.0 x 10 * 3 waa obtained 

by taking a mean value from the most reliable absolute and relative rate coefficient studies. 

Thsrs have been nine absolute studies of the teeperature dependence of k. In general the agreement 
between most of these studies can be considered to be quite good. Ho wever, for e meaningful analysis 
of the reported studies it is best to discuss them in tans of two distinct temperature regions, 

. _ (a) below 300 X, end (b) above 300 X. Three resonance fluorescence studies have been performed 
_ _ over the temperature range <-200-500 X (Whytock at. el . ( 1977 ) , - ZahnJLser et el f (1978) and Keyser 
(1978)) and in each case a strong nonlinear Arrhenius behavior was observed. Ravi shank are end 
Wine (1980) also noted nonlinear Arrhenius behavior over a more limited te^>ereture range. This 
behavior tends to explain partially the large variance in the values of E/R reported between those 
other investigators who predominantly studied this reaction below 300 X (Watson at al . (1976) end 
Manning end Kurylo (1977)) end those eho only studied it above 300 X (dyne mad Welker (1973), Poulet 
et el . (197*), and Lin et al . (1978a)). The agreement between ell studies below 300 X is good, with 
value, o£ <*) E/R ranging from 1229-1320 K, and (b) 1(230 I) ranging Irm (2.6*-3.32) z lO* 14 . 
Tha maan of tha two discharge flow values (Zebniser et el . (1978) nd Keyser (1978)) is 2.67 z 10* **, 
while the scan of the four flash photolysis values (Watson et al . (1976), Hanning and Kurylo (1977), 
Whytock et al . (1977), and Rsvishankara and Wine (1980)) i* 3.22 x 10 ** at 230 X. There have not 
been any absolute studies at stratospheric tmnperatures other then those which utilized the resonance 
fluorescence technique. Rsvishankara sad Wine (1980) hmve suggested that the results obtained 
using the discharge flow and competitive chlorination techniques may be in error et the lower 
temperatures (<240 X) due to e non- equilibration of the *“* ^3/2 of atomic chlorine. 

Rsvishankara and Wins observed that at temperatures below 240 X the apparent bimolecular rate 
constant waa dependent upon the chemical composition of the reaction mixture; i.e. , if the mixture 
did not contain an efficient spin equillbrator, e.g. Ar or CCl^, the bimolecular rate constant 
— decreased *at high CH^ concentrations.' * The ch e mi cal composition in each of the flesh photolysis 
studies contained an efficient spin, equilibrator,- whereas this was noC the case in the discharge 
flow studias . However, the reactor wells in the discharge flow studies could have been expected 
to have acted as an efficient spin equilibrator. Consequently, until the hypothesis of Rsvishankara 
and Wine is proven it is assumed that the discharge flow nd competitive chlorination results ere 
reliable. 

Above 300 I the three resonmice fluorescence stadias reported (e) “averaged” values of Z/R ranging 
from 1530-1623 X, and (b) values for k(500 X) ranging from (7.74-8.76) x 10 _13 . Three mess 
spectrometxlc studies have been performed above 300 X with E/R values ranging from 1409-1790 X. 
The date of Poulet et el . (1974) ere sparse mkd scattered, that of dyne md Welker (1973) show 
too strong e temperature dependence (compared to ell other absolute and competitive studies) and 
k(2S8 X) is ~20Z higher than the preferred value at 298 X. while that of Lin et el . (1978a) is in 
fair agreement with the raacnmice fluorescence results. 
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In conclusion, it should be stated that the bast values of k from tbs absolute studies , both above 
and below 300 X, ars obtained froa the resonance fluorescence studies. The competitive chlorination 
results differ froa those obtained froa the absolute studies in that linear Arrhenius behavior Is 
observed. This difference is the major discrepancy between the two types of experiments. The 
values of E/R range froa 1503 to 1530 I, and k(230 X) froa (2.11-2.54) x 10 ** with a mean value 
of 2.27 x 10 It can be seen froa the above discussion that the average values at 230 K are: 

3.19 x 10 -1 * (flash photolysis), 2.87 x 10 14 (discharge flow) and 2.27 x 10 ** (competitive 
chlorination). These differences increase at lower temperatures. Until the hypothesis of 
Ravi shank are *nd Wine (1980) is re-examined, the preferred Arrhenius expression attempts to best 
fit the results obtained between 200 and 300 K froa all sources. The average value of k at 298 K 
Is 1.04 x 10 -13 , md at 230 X is 2.71 x 10 ** (this is a simple me an of tha three average values). 
The preferred Arrhenius expression yields values similar to thoaa obtained in tha discharge flow- 
resonance fluorescence* studies 7~* If only flashTphotolysis-resanance fluorescence results are used 
then an alternate expression of 6.4 x 10 ^ (sxp(-1200/T) ) can be obtained (k(298 X) - 1.07 x 102 
and k(230 K) - 3.19 x l<f 14 ). 

A study (Henaghan et al . (1981)) using vary low pressure reactor techniques reports results from 
233 to 338 X in excellent agreement with the other recent measur aments . They account for tha 

curvature in the Arrhenius plot et higher temperatures by transition state theory. Measured 
equilibrium constants are used to derive e value of the heat of formation of the methyl radical at 
298 X of 35.1±0.1 kcal/mol. _ - 


E4 . Cl + C 2 B 6* absolute rata coefficients reported in all four studies (Davis at al . (1970), 

Manning and Kurylo (1977), Lewis et al . (1980), mid Racy et al . (1980)) are in good agreement at 

298 X. The value reported by Davis et al . was probably overestimated by -10X (the authors assumed 

0 9 

that I^ wes proportional to [Cl] * , whereas a linear relationship between 1^ and [Cl] probably 
held under their experimental conditions). The preferred value et 298 X was taken to be a simple 
mean of the four values (the value reported by Davis et al . was reduced by 10X), i.e., 5.7 x 10 *. 

The two values reported for E/R are in good agreement; E/R - 61 X (Manning and Kurylo) and E/R - 
130 X (Lewis et al . ) . A simple least squaras fit to all tha data would unfairly weight the date 
of Lewis et al . due to the larger temperature range covered. Therefore, the preferred value of 
7.7 x 10” 11 axp(*90/T) is an expression which best fits the data of Lewis et al . and Manning and 
Kurylo between 220 and 320 X. 

E5. Cl + CjHg. This recomnendation is based on results over the temperature range 220*607 X reported 
in the recent discharge flow-resonance fluorescence study of Lewis et al . (1980). These results 
are consistamt with those obtained in the competitive chlorination studies of Pritchard et al . 
(1925) and Knox and Nelson (1959). 

E5 C1_±^CH^GS. This recanmeodation is based on the 200*500 X results of Michael et ~al . (1979b) by the 
flash photolysis-resonance technique and the 298 X results of Payne et el . (1987) by the discharge 
flow-mass spectrometry technique. Product analysis and isotopic substitution have established that 
the reaction mechanism consists of abstraction of a hydrogen atom from the methyl group rather than 
from the hydroxyl group. See Radford (1980), Radford at al . (1981), Meier et al . (1984), and 
Payne et al . (1987). This reaction has been used as a source of CZ^CB and as a source of HO 2 by 
thw reaction of CZ^OB with 0 2 « 

E7. Cl + CHjCl. The results reported by Clyne and Welker (1973) and M a nn i n g and Kurylo (1977) are In 
good agreement et 298 X. H owe v er, the value of the activation energy measured by Manning and 
Kurylo is significantly lower then that measured by Clyne and Welker. Both groups of work ars 
measured the rate constant for the Cl + CH^ and, similarly, the activation energy measured by 
Henning end Kurylo was significantly lower than that measured by Clyne and Welker. It is suggested 
that the discharge flow-mass spectrometric technique was in this case subject to a systematic 
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•rror, and it is recooended that the flash photolysis reeolts be used for strstosphsrle calculations 
In the 200*300 K t — jisi aTnra rants discussion of ths Cl ♦ CH^ studios). In ths discussion of 
ths Cl + CH^ reaction it was suggested that sons of ths apparent discrepancy between ths results 
of Clyns and Welker and the flash photolysis studies can he explained by nonlin ear Arrhenius behavior. 
However, it Is less likely that this can be invoked for this reaction as the pre- exponential A- 
factor (am nsasured in the flash photolysis studies) is already -3.3 x 10 11 and the significant 
curvature which would be required in the Arrhenius plot to neks ths data compatible would result 
in an unreasonably high value for A (>2 x 10 10 ). 

£8. Cl + CH-jCH. The rs co— e nd ation accepts the upper limit at roan temperature reported by Kurylo end 
Knable (1884) using flash photolysis-resonance fluorescence. Poulet at el . (1884a) used discharge 
flow-mass spectrometry and reported the express icn k - 3.3 x 10* 11 szp(-2783/T) over the temperature 
__ range 478-723 K. . They, also reported e- room teeperatura value of 9 x 10*^ t which is a factor of 
3 greater then that calculated from their expression. It appears likely that their roam temperature 
observations were strongly influenced by heterogeneous processes. It should be noted that their 
extrapolated room temperature value is approximately equal to Kurylo end Enable’ s upper limit. 
Olhregts at el . (1984) reported values near 400 X that agree with . results of _ Poulet at al . 

£9. Cl + CH^CCLj. There ham been only one study of this rata, that by Wine at al . (1982), using a 
laser flash pbotolysis-rssonanee fluorescence technique . It was concluded that the presence of a 
reactive impurity accounted for a significant fraction of the Cl removal, and therefore only upper 
limits to the rate were reported for the temperature range 239-336 K. This reaction is toq_alow 
to be of any Importance in atmospheric chemistry. 

£10. Cl + EL^CO. The results from five of the six published studies (Michael at el . (1979a), Anderson 
and Eurylo (1979), Niki at al . (1978a). Fasano and No gar (1981) and Foulat at al . (1981)) are in 
good agreement at -298 E, but -501 greater than the value reported by Foon at el . (1979). The 
preferred value at 298 X was obtained by contoining the absolute values reported by Michael at al . . 
Anderson and Eurylo, and Fasano and Nogar, with the values obtained by combining the ratio of 
k(Cl + E^COJ/MCl + C^g) reported by Hiki at al . (1.310.1) and by Poulet at al . (1.1610.12) 
with the preferred value of 3.7 x 10 11 for k(Cl + C^Hg) at 290 X. The preferred value of E/R was 
obtained from a least squares fit to all the data reported in Michael at al . and in Anderson and 
Kurylo. The A-factor was adjusted to yield the preferred value at 298 K. 

£11. Cl + &2 0 2* ***• •bftolut* rate coefficients determined at -298 X by Watson at al . (1976), Leu and 

DeMore (1976), Michael et al . (1977), Poulat at al . (1978a) and Keyser (1980a) range in value from 
*13 

(3. 6-6. 2) x 10 . The studies of Michael et el . . Keyser, and Poulet at al . are presently considered 

to be the most reliable. The preferred value for the Arrhenius expression la taken to be that 
reportad by Kayser. The A-factor reported by Michael et al . is considerably lower than that expectad 
from theoretical considerations and may possibly be attributed to decomposition. of. tempera- 

tures above 300 K. The data of Michael et al . at and below 300 K are in good agreement with the 
Arrhenius expression reported by Keyser. Mure data are required before the Arrhenius parmneters 
can be considered to be well established. Beneghan and Benson (1983) , using mass spectrometry, 
confirmed that this reaction proceeds only by the abstraction mechanism giving SCI and SO^ as 
products. 

E12. Cl + BDC1. This recommendation is based on results over the tecv*srsture range 243-363 K using the 
discharge flow-mess spectrooetric technique in the only reported study of this rate. Cook at al . 
(1981a). Ennis mid Blrks (1983) have measured the product distribution in e discharge flow-mass 
spectrometric system end foimd that the major reaction charnel Is that to give the products Clj ♦ CH 
with e yield of 91±6Z. 
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E13. CL + H*D 3 . Thera art two studias of this rata in which tho decay of d-atcaia In excees *» — 
men 1 to rad by raaonaaee floor ascanca (Kurylo at al . . 1983b) or by r amw ea abaorrrtlgp CCLark at ■ ! .. 
1982) . Both report values higher than those obtalnad in earlier dl echsrga flow-mass speetrcMtrie 
studies by Leu and Dattore (1978) «d by Poulat at al . (1978s) which monitored the decay of BBOj in 
excess Cl. Kurylo at el . report a value for UR of 1700 1 for the ts^eratura range 213*298 X. 
Poulat at el . report a value for E/R of 1380 X for the temperature range 139*833 X. The higher 
taoiperature data of Poulat at el . era not directly applicable to etrmtoepherlc conditions, and 
extrapolation to room tenperature nay not be valid. The preferred value la baaed on masoning that 
the roan temperature data of Kurylo at al . rapramaott an upper limit. Tha hlghar value reported 
by Clark at el . la baaed on data which exhibit significant scatter ad la not considered in deriving 
tha preferred value. 

Ell . Cl + B0 2 - Tha racomandatlana for tha tarn reaction c h a n ne ls are based open tha results by Lee and 

Howard (1982) using a discharge flow ayatan with laser magnetic rec re ance detection of BO,, OH and 

■ *11 _ .1 

CIO. The total rata con* tan t is tenpexature independent with a valua of (4.2±0.7) x 10 cm 
taolacula 1 a" 1 ovar tha temperature tans# 220*420 K. This valua for tha total rata constant is 
in agreement with tha results of indiract studlas relative to Cl ♦ & 2 P 2 ^ L#u * nd DeMare (1976) , 
Poulat at al . (i®78a), Ikixrowa at al . (1970)) or to Cl (Cox (I960)). Tha contribution of tha 

reaction channel producing 08 + CIO (212 at soon temperature) is Bach hlghar thaxr-the upper limit 
reported by Burrows at si . (1Z of total reaction). Cattail and Cox (1986) using a molecular modula* 
tlon-UV absorption technique over tha pressure range 20*760 torr report results in good agreement 
with those of lea and Howard both for tha overall rata constant mid for tha ralativa contribution 
of tha two reaction channels. The rata co nst a n t for tha channel producing CIO + 08 can be combined 
“with that for - the reaction CIO ♦ 08 > Cl + 902 to give an equilibrium constant from which a valua 
of tha heat of formation of H0 2 at 298 K of 3.0 keal/mol can be derived. 

EX2. Cl + Cl^O. Tha preferred value was determined from two independent absolute rata coefficient 
studies reported by Ray t», al . (1980), using the discharge flow*rescaianca fluorescence and discharge 
flow-mams spectrometric techniques. This value has been confirmed by Burrows and Cox (1981) who 
determined the ratio k(Cl + C^O/kCCl + 32 ) “ 6900 in modulated photolysis experiments. The 
earlier value reported by Basco and Dogra (1971a) has been rejected. The Arrhenius para&eters have 
not been experimentally determined; however, the high value of k at 298 K precludes a substantial 
positive activation energy. 

E16. Cl + OC10. Data reported by Beoaod, Clyne and Watson (1973). 

E17 . Cl ♦ C1CH0 2 . Flash photolysis/reacnance fluorescence studies by Margitan (1983a) «sd by Kurylo 
et al . (1983a), which are in good agreement, show that the rate constant for this reaction is 
almost two orders of magnitude faster than that indicated by tha prericxis work of Kurylo and Maiming 
(1977) and Ravishankara et al . (1977b). It is probable that tha slower reaction observed by Kurylo 
and Manning was actually O + CINO^, not Cl + ClHO^. Tha preferred value averages the results of 
the two new studies.. * ’ ’ * " 

E18. Cl ♦ HO^. The reccuatnded room temperature value is the average of the results reported by Cox 
et al . (1984a);- Burrows et al . (1985b), and Car et al . (1987). In all studies tha kinetic behavior 
of N0 3 in the modulated photolysis of Cl^ * CLONC^ mixtures was wan i to red in absorption. In the 
latest study Cox et al . also monitored CIO in absorption. Tha lack of tmsperature dependence is 
from this latest study. 

E19. Cl + Entry. This rate coefficent has bean determined in a study of the halogen-catalyzed 

decomposition of nitrous oxide at about 1000 Kbr Kaufm e n et al . (1926). Tha largest value reported was 
10* 17 cm 3 molecule 1 a* 1 , with an activation energy of 34 kcal/mol. Extrapolation of these results 
to low temperature shews that this reaction cannot be of any significance in atmospheric chemistry. 


61 



£20. Cl + C1HO. Reported values of this rata constant differ by more than an order of magnitude. The 
-most- recent- studies,- which- are- br-Kesbitf etal .-( 1967 )-tialnxdiacharxe-flow-maaaape ctro matrT-~apd 
Kita and Stedknan (1982) using discharge flow- resonance fluorescence, report values substantially 
higher than values reported earlier. The earlier results were obtained by llelson and Johnston 
(1981) using laser flash photolysis-resonance fluorescence, Grime ly and Houston (1980) by pulsed 
laser photolysis in a static systwa with chemiluminescence detection, and Clyne and Cruse (1972) 
by discharge flow-resonance fluorescence. In all but the study by Seebltt et el . . C1HO was the 
excess species; thus, knowledge of its absolute concentration was required. It is possible that 
the low value of Grime ly and Houston may be due to adsorption and decomposition of C1N0 an the 
walls of their static system. Results from the studies of Reabitt et el . , Kita and Stedaun, and 
Clyne and Cruse form the basis for the new recomaendstlon. There are no reliable data on the 
temperature dependence. 

E21. Cl ♦ C100. V*lu«. it 1.36 X 10* 10 . 9.8 X lo' U , «nd 1.87 x 10* 10 hx« ban r»port«l tor k^lCl + 
~ CLOO *♦ Clj ♦ O^) by Johnston et al . (1969), Cox et «1 . (1979), and Ashford et el . (1978), respec- 
tively. Values of 108, 20.9, 17, end 13 have bean reported for k a (Cl ♦ ClOO - Cl^ ♦ 0 2 )A(CL + 

ClOO -• 2 CIO) by Johnston et al .. Cox et al .. Ashford et al . , and Richolaa end Norrish (1968). 

Obviously the value of 108 by Johnston et al . is not consistent with the others, end the preferred 

- - value of 17.6 was obtained by averaging the other three values (this is in ~egraanent~wlth s value 

that can be derived from a study by Porter and Wright (1933)). The absolute values of and k^ 

ere dependent upon the choice of (ClOO) (the values of AH^ (ClOO) reported by Cox et al . 
end Ashford et al . are in excellent agreement, i.e. 22.7 and 22.3 keal/mol, respectively). The 
preferred value of k (Cl + ClOO -* Cl 2 + 0 2 ) is taken to be the average of the three reported values, 
i.e. 1.4 x 107i?_ an_ molecule" 1 s 1 . Consequently, the preferred value of k^(Cl ♦ ClOO 2 CIO) 
is k^/17.6, i.e. 8.0 x 10 1 ^ cm 3 molecule 1 s 1 . The E/R values are estimated to be zero, «hich 
is consistent with other experimentally determined E/R values for atom-radical reactions. 

E22. 0 + CIO. Recently there have been five studies of this rste constant over an extended temperature 

range using a variety of techniques; Leu (1984b); Margitsn (1984b); Schwab et al . (1984); Ctogstad 
and Birks (1986); and Nicovich et al . (1987). The recccxnended value is based cn a lea.it squares 
fit to the data reported in these studies and in the earlier studies of Zahniser and Kaufman (1977) 
and Ongstad and Birks (1984). Values reported in the early studies of Bemand et al. (1973) and 
Clyne and Hip (1976b) axe significantly higher and were not used in deriving the recomoended value. 

E23 . CIO +■ NO. The absolute rate coefficients determined in the four discharge flow-mass spectrometric 
studies (Clyne and Watson (1974a), Leu and DeHore (1978), Ray and Watson (1981a) and Clyne and 
HacRobert (I960)) and the discharge flow laser magnetic resonance study Lee et al . (1982) are in 
excellent agreement at 298 K, and are averaged to yield the preferred value. The velue reported by 
Zahniser and Kaufman (1977) from a competitive study is not used in the derivation of the preferred 
velue as it is about 33Z higher. The magnitudes of the temperature dependences reported by Lwa 
and DeMore (1978) and Lee et al . are in excellent agreement. Although the E/R value reported by 
Zahniser and Kaufoan (1977) is in fair agreement with the other values, if is hot considered as it 
is dependent upon the E/R value assessed for the Cl + 0^ reaction. Ihe Arrhenius expression was 
derived from e least squares fit to the date reported by Clyne and Watson, Leu cd DeMore, Ray sod 
Watson, Clyne and HacRobert snd~ Lee et al . 

E24. CIO + NOj. The recamwnded value is based on results reported by Cox et al . (1984a) end by Cox 
et al . (1987) in the only reported studies of this reaction. Both studies used the modulated 
photolysis of Cl^ + CIO HO ^ mixtures. In the new study a small temperature dependence is reported, 
but because of uncertainties in the data e teaperature- independent value is recocxaended in this 
evaluation. 
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£22. CIO + BOj. Thar* have now boon tlv* studio* o £ this ists constant. Ibroo wars lot prsssur* 
discharge flow studios, aach using a different experimental dotactlon toctniquo (Balaam md 
Kaufman, 1S7S; St imp fie at al . . 1978 ; Lack at si . . 1980), aid ta>0 oars molecular modulation 
studios; at ana ataospbars (Burrows and Coot. 1981), and ovsr tbs pressure x an* a 20*780 to rr 
(Cattail and Cox, 1986). Tba 298 1 valuas reported. In txllts of 10 12 css 3 nolacula"* s~ 2 , arc: 
3.810.2 (Ralaann and Kaufman) . 6.311.3 (Stlapfle at *1 .). 4.310.9 (Lack at al .). 2.4 (Burrows 
and Cox), and 6.211.3 (Cattail md Cox). The recasmsnded valuo is tha maan of tbssa valuas. 
Tha study of Cattail and Cox ovar an axtandad prassura ran* a whan combined with rasults of tha 
low prassura dischart* flow studios seam to lndicat* that this raactlon axhlbits no prassura 
dapandanca at room tasparatuxa . Tba only tssqsratara dapandaoca study (Stlspfla at al .) rasultad 
in a non-llna ar Arrhenius bahavior. Tha data war* bast dascrlbad by a four Parana tar aquation of 
tba form k - A a” B/T + Cl 0 , possibly suggesting that tan different sisrhanlsaia may ba occurring, lb* 
axpraaslon forwsrdad by Stiwpfl* at al . was 3.3 X 10* U «xp(-830/T) * 4.5 X 10* 12 (T/300)' 3 ' 7 . 
Two possible prsfsrrsd vsluws cm b« suggMtwd for tbs teapsrstur* dspsodsnes of k; («) sa 
expression of the form suggested by Stiwpfl* rt «I . . but shere the values o t A end C are adjusted 
to yield a value of 5.0 x 10 12 at 298 K, or (b) a staple Arrhenius expression which fits the dsta 
obtained st and below 300 K (noraelixed to 5.0 x 10 ^ it 298 K). The latter fora is preferred. 
The two aoat probable pairs of raactlon products are, (1) 9X1 + 0^ and (2) SCI + Oj. Leu (1980b) 
and Leek et al . used mass spectroaetrlc detection of ozone to place upper Halts, of 1.5Z (298 I) 
and 3.0Z (248 X); end 2.0Z C298 X), respectively, an k^/k. Burrows end Cox report an upper limit 
of 0.3Z for k 2 /k st 300 X. 

£26. CIO + H^CO. Poulet et si . (1980) have reported an upper limit of 10 cm^ molecule * • * for k 
et 298 X using the discharge £low-EER technique. 

£27. CIO + OH. The recorroended value ia based on e fit to the 219*373 X data of Hills mod Howard (1984), 
the 243*298 X data of Burrows et al . (1984a). and the 298 X data of Fouls t et al . (1386a). Data 
reported in the studies of Savishwikara at al . (1983a), md Lou and Lin (1979) wars not usad in 
deriving the recocxnended value because in these studies the concentration of CIO was not determined 
directly. The results of Burrows et al . are temperature- independent while those of Hills and Howard 
show a slight negative temperature dependence. The fraction of total reaction yielding H0 2 + Cl as 
products has been determined by -eu and Lin (>0.65); Burrows et si . (0.85±0.2); Hills and Howard 
(0.8610 . 14) ; and Foulet et si . (0.9810.12). The latest study gives an upper limit of 0.14 for 
the branching ratio to give BC1 + 0 2 as products. The uncertainties in all studias allow for tha 
possibility that tha BC1 yield la indeed xero. 

£28. CIO Reactions. Theta upper limits are based on the date of Walker (reported in Clyne and Watscn, 
1974a). The upper limits shown for k(298) were actually determined from data collected st either 
587 or 670 X. The Arrhmius expressions wars estimated based on this —600 X dsta. 

£29. CIO + CIO. There are three possible blmolecular channels for this reaction: CIO + CIO 0C10 ♦ Cl 
(kj); CIO. + CIO -• Cl +- C100 (kj); md CIO + CIO.-* Cl^ + 0 2 (k 3 >. The recocxnended values given here 
are for the total rata coefficient et low pressures. They era based largely on results obtained 

in the discharge flow studies of Clyns and co-workers as discussed in the reviews by Watson (1977, 

2 

I960) . Hot. that tba rat. constant la bars defined as -d(CLD)/dt "2k (CIO) . Molscular modulation 
studies such as those of Cox and co-worksrs (as* Bayun st al. , 1986) bsvs given a similar tempora- 
tur. dapandanca but aomoediat lower rata constant valuas. Ibs product branching ratios and their 
dapandanca on temperature and prassura ar* not wall established, lb* low pr a a stir a rasults indicate 
that k 2 and kj are both Important, i*>ila kj represents only about 10 percent of tha total raactlon. 
The reaction exhibits both biaaol- _iar tad tarsolecular raactlon channels (sea entry for this reac- 
tion In labia 2). The tarsolecular raactlon, presumably to glva tba dinar, dominates st pressures 
higher then about 10 torr; however, tha role of tha dimer in tba overall raactlon is uncle ar - 
whether It is merely in equilibria with CIO or dacongxaae* to glva the same products glvan In tha 
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bimolmcular reaction chamois. Some product branching ratio data ban b ee n derived £roa studies 
of the rhlnflna r hittiwana ltlavil- ' 1 *— Tn llim ■ j at — 11 m i an meertaintlea 
concerning tha Dead far tome r a a et l an of tha Cl^Oj cellar in ordar to a cc ou nt for tha strong 
ta^erature dependence of tha ocooa quantise 7 la Id and alao concerning tha possible role of CIO 
ccnplmx formation with Oj and adbssquant reactions of tha ClO-Oj c o m plex . Tha aqulllbrlw 
constant for formation of tha Cl^O^ dinar la given la Table 3. 

£30. CIO + Oj. Tha branching ratio ba ta aa n tha two poaalhla charnels la not known, but, for tha present 
dlacuaaloo, la aa Bound to ba unity. Thara la no evident* that althar reaction actually occur a . 
Tha Axxhmiua parameter a ware aatlaatad, and tha upper Halt rata conatanta era baaed on data 
reported by DaMore, Ida and Jaffa (1876) and by H or i dcn trl-Stupar at tl . (1879). 

£31. CB +■ Clj. Tha rac remanded rocn te^erature value la tha average of tha reaulta reported by 
Boodaghisne at al . (1967), L ow f ans tain and Andersen (1984), Ravishsnkara at al . (1983a), and Lau 
and Uh '(1979). The t auparatura depend a nc a la Cron Boods g hlma at al . lo aw ana ta ln and Anderson 
data mined that tha excluaivm producta are Cl * B0C1. 

£32. CB + HC1. Tha racoanwodad value la baaed on a least squares fit to tha data reported In tha recant 

Studies by Ho llna at si . (1964), Ksyser (1964), and Bavlshankara at al . (1882b). In these studies 

particular attsnticn was paid to tha determination of the absolute concentration of BCl by UV and 
IS spectrophotometry. Earlier studies -by Takaes and Glass (1873c), Zahnisar at si . (1874), Smith 
and Ze liner (1974), Karl shank era at al . (1977a), Sack at al . (1977), Hu sai n at al . (1981), Cannon 
at si . (1984), Husain at si . (1984), and Smith and Williams (1988) bad reported somewhat lower 
room temperature values. .... 

E33. CB + B0C1. In tha only reported study of this system Ennis and Blrka (1987) reported tha valua of 

this rata constant at room temperature to 11a in tha range (1.7 - 9.3) x 10 13 cm 3 molecule ' 1 a 1 . 

A temperature dependent expression has bean aatlaatad by choosing a prw-axponaotlal factor by 
analogy with tha OH 4 HjOj reaction and selecting tha midpoint of tha experimental range for tha 
room temperature rata constant. Tha large uncertainty factor is ntedad to roccmpass the entire 
range. 

E34. CB ♦ Substituted Methanes. Thara have bean several studies of each of tha CB ♦ 

(X - Cl or Br) reactions, l.a. , CB + CEjCl, CH-jClj, CKLj. CHFCL,^ CBF^Cl, CHjCIF, and CSLjBr. 
In each case thara has bean quits good agreement between the reported results (except for Clyna 
and Holt, (1979b)), both at -298 X end as a function of toperaturs. However, in certain cases It 
cm ba noted that tha E/R values obtained from studies performed predominantly above 298 £ ware 
greater than tha E/R vsluea obtained from studies performed over a lower temperature range. For 
example, tha E/R value for CB +■ CH^Cl reported by Ferry at al . (1976a) is significantly higher than 
that reportad by Davis at al . (1976). These scull but significant differences could ba attributed 
to either experimental error or non-llnasr Arrhsnlua behavior. The reaulta of Jacng and Eaufman 
(1982) have shown a nonlinear Arrhenius behavior for each reaction studied. They found that their 
data could beat ba rapraaantad by a three parameter aquation of tha form AT^sxp(-B/T). Tha 
experimental AT^axpC-B/T) fit la stated by tha authors to ba In agreement with that sxpectad from 
transition stats theory. . — 

Tha preferred values shown In this review wars obtained by first fitting all of tha absolute rata 
data for each reaction (except Clyna and Holt (1979b)) to tha three paxmmter aquation AT 2 exp(-B/T) , 
and than slspllfylng these equations to a sat of Arrhsnlua sxpresslons cants red at 262 K, a 
t«peraturs rapressntatlvs of tha mld-tropo s phtrs . Tha AT 2 sxp(-B/T) axpressices are given for 
each reaction In tha Individual notes, while the Arrhenius expressions era entered in tha table of 
preferred values. Cbvlously, Arrhsnlua expressions can ba cantered st assy temperature from the 
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three p a ra me U t equations (these ihonU-h-intilcUd-ta-rtttli-tU ta^intatnn steadied). 
Tmubalii k • AT 2 exp(-B/T) to the fora k • A'exp(-E/T): I* » B + 2T ad A* - A x a 2 x I 2 . 

08 + CHjCl. The preferred ▼•lau wax* obtained using only absolute rata coefficient data. The 
data of Howard and Zvnsoo (1878a). Davis at al . (1878). Parry at al . (1878a), Paraakavopoulos 
at si .' (1981) and Jeong and Xan«ass (1882) ara In lood agree— t and war a used to determine tha 
prafarrad values. Pitting tha data to an axpraaalon of tba fana AI 2 axp(-B/T) results In tha 
equation 3.48 x 10 28 T 2 axp(-582/I) ovar tha temperature range (2*7-483)1. This results In a 
prafarrad valna of 4.3 x 10 28 n 5 aolacula 1 a 1 for k at 288 X. Tha derived Arxhanlos axpraaalon 
cantered at 263 X la 1.7 x lo' 12 exp(-1100/T) . 

OH ♦ CHjClj. Tha prafarrad values warn obtained using only absolute rata coefficient data. The 
accuracy of tha CH * CH^/OH * CH^Cl^ study (Coot at al .. 1876a) waa probably no better than a 
factor of 2. — Tba data of Howard and Evens an (1876a), Darla at al . (1876), Parry at al . (1876a), 
and Jecng and Ka i i fa aa i (1882) ara In good a gr a asse nt , and were used to detaxalne tha prafarrad value 
(tha valuta of Davis at al . ara anaaadist later (201) than these reported In the other stadias but 
ara Included In tha evaluation). Pitting tha data to an expression of tha fora AT 2 exp(-B/T) 
results in the equation 8.36 x 10 18 T 2 sxp(-302/T) ovar the t irature range 243-433 X. This 

results in a prafarrad valna of 1.4 x 10 13 an 8 aolacula -2 s 2 for k at 288 X. The derived 

-12 

Arrhenius expression centered at 283 X is 4.7 x 10 axp(-1030/T). 

CH + CBClj. Tha preferred values ware obtained using only absolute rate coefficient data. - Tha 
accuracy of tba CH + CH^/OH + CBCl^ study (Cox at al . ■ 1876a) waa probably no batter than a factor 
of 2. Tha data of Boesrd and Evens on (1978a). Davis at al . (1978) and Jecng and Kaufaen (1982) 
ara m good agreement and war# used to determine the preferred values . Pitting the data to an 
axpraaalon of the fora AT 2 exp(-B/T) results In the equation 8.3 x 10 28 T 2 axp(-304/T) ovar tha 
tnsperature range 243-487 X. This results in a prafarrad value of 1.0 x 10 23 ca 2 aolacula' 2 
s' 2 for k at 298 X. The derived Arrhenius expression cantered at 283 X la 3.4 z 10 -22 axp(-1030/T) . 

C3 + CHFCl^. Tha prafarrad values wars derived using tha absolute rata coafflciant data reported 
by Howard and Evens cn (1976a), Parry at al . (1976a), Matson at al . (1977), Chang and 
(1977a), Paraskevopoulos at al . (1881) and Jeong and Xaufaian (1882). Tha data of Clyna and Holt 
(1979b) waa not considered as it la In rather poor agreeosnt with tha other data within tha tempera- 
ture range studied, e.g. there la a difference of -63X at 400 X. Fitting the data to an axpraaalon 
of tha fora AT^expf-B/T) results In the equation 1.71 x 10 28 T 2 axp(-483/T) over tha temperature 

range 2*1-483 X. This results In a preferred value of 3.0 x 10 24 ca 2 molecule 2 a -2 for k at 

-12 

298 X. Tha derived Arrhenius axpraaalon centered at 263 X la 0.68 x 10 exp(-1000/T) . 

CH + CHPjCl. Tha preferred values were derived using tha absolute rate coefficient data reported 
by Howard and Everson (1976a), Atkinson et al . (1973), Matson et al . (1977), Chang and Kaufman 
(1977a), Hnidwerk and Zellnar (1978), Paraskevopoulos at al . (1981) and Jeong and Kaufman (1982), 
which ara is good agreanant. Tbs data of Clyna" and Holt (1979b) was not considered as It is in 
rather poor agreement with tha other dete within the temperature range studied, except at 288 X 
(the reported A-f actor of -1 X 10~ 22 cm 2 molecule 2 a 2 is inconsistent with that expected 
theoretically). Fitting tha data to an axpraaalon of the form AT 2 axp(-B/T) results in the aquation 
1.31 x 10 * S T 2 exp(-1000/T) ovar the temperature range 230-462 X. This results in a prafarrad 
value of 4.5 z 10 22 cm 2 molecule 2 a 2 for k at 298 X. Tha derived Arrhenius expression cantered 
at 263 K is 0.83 x lO'^axpl-lSSO/T). 

CH * CHj FC1. The prafarrad values were derived using the absolute rate coafflciant date reported 
by Howard and Evens cn (1976a). Mataca at al . (1977). Handwerk and Zellnar (1978). Pauraskmpoulos 
at al . (1981) and Jeong and raufean (1982) which ara In fair agreanant. Fitting tha data to an 
axpraaalon of the form AT 2 exp(-B/T) results In the equation 3.77 x 10 28 T 2 exp(-604/T) over tha 
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t Mptr»tart range 243*486 X. This result* in s prsfsrrsd value of 4.4 x 10 ** a? molecule 1 » 1 
for k st 298 X. The derived Arrhenius expression centered at 283 l Is 2.1 z 10~ 12 expC?1130/Tl.- 

235. OB + CTjCCLj. This evaluaticn is based on the data of Jeon* end Xaufaian (1979) end KuryLo et el . 
(1979). Their results are in excellent agremaant over the temperature range 230-460 K. The ‘earlier 
results of Howard end Evens on (1976b), Watson et el . (1977), Chang end tauftnan (1977a) and dyne 
and Holt (1979a) were discounted in favor of the newer results. The earlier results showed higher 
values of the rate constant, end lower E/R values. This nay indicate that the CH^CCl^ used in the 
early studies was contaminated with small amounts of a reactive oleflnic impurity. 

E36. OB + CHjCT^Cl. Hew Entry. There have been three temperature dependent studies of this rate constant: 
Watson et al . (1977) over the tasperature range 273*373 X; Handwerk and Ze liner (1978) at 293 and 
373 X; end Clyne and Holt (1979b) from 293 to 417 X. All studios are in agremasnt on the magnitude 
of the teeperature dependence (E/R * 1800 X). The rate constant was also measured at room temperature 
by Howard and Evenson (1976b) and by Paraskevopoulos et al . (1981). The value recosmended at room * 
temperature is the mem of all the reported veluee except that of Clyne and Bolt, which is significantly 
higher. The pre* exponent! el factor was fitted to the recommended value st room temperature. 

E37. OB ♦ CH^CHTg. Hew Entry. There hss been only one study of this rate constant as a function of _ 
temperature, that by Clyns and Holt (1979b) over the temperature range 293*417 X. In addition there 
have been room temperature measurements by Howard end Evens cn (1976b), Handwerk end Zellner (1976), 
»rv< Hip et al . (1979). These three latter measurements ere in good agreement, while the value of 
Clyne aid Holt lies 30X higher. The value recoozaended et room temperature is the swan of all the ... 
values except that of Clyne and Holt. The temperature dependence Is taken from Clyne and Bolt,, 
but with increased error limits. The pre*exponantial factor was fitted to the recommended value 
st room temperature. 

E38. OH + (SCLjjCFj. Hew Entry. The rec amended value et room temperature is the average of the values 
reported by Watson et el . (1979b) and by Howard and Evenson (1976b). The taaperature dependence 
is freo the 245*375 X data of Watson et al . The 293**29 X data of Clyne and Holt (1979b) wars not 
used in deriving the recocxnended value. 

£39. OH + CSGJCF^. Hew Entry. The rec amended value at room temperature is the average of the values 
reported by Watson et al . (1979b) and by Howard and Evenson (1976b). The temperature dependence 
is froa the 250*375 X of Watson et al . 

E*0. OH ♦ CH^CICCIF^. Haw &itry. The recazmended expression is derived from s least squares fit to 
the corrected 230*350 X date reported by Watson et al . (1979b). The measured rate constants were 
corrected for the presence of alkane impurities. The 249*473 X data of Jeon*, et al. (1984) ere a 
factor of two higher at the lowest temperature and were not used in deriving the recocxaended value. 

£41. OH + CH^TCF^. New Entry. The recocxaended expression is derived from e least squares fit to the 
249*473 I date reported by Jecng et al . (1984) ~and~the 298 X date of Martin and Paraskevopoulos 
(1983). The 294*429 X data of Clyne end Holt (1979b) were not used in deriving the recoczaaodsd 
value. 


E42. C8 ♦ CH^CCl^F. Hew Entry. There are no reported date on the rate of this reaction. The recoexamsied 
value is estimated by analogy with similar reactions. 

£43. OH + C^d^. The preferred value et 298 X is e mean of the values reported by Howard (1976) mid 
Chang and Xanfman (1977a). The value reported by Winer at al . (1976), which Is more then s factor 
of 10 greater, is rejected. The preferred Arrhenius parameters are those of Cheng end Xanfwwi . 
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E44. CB 4 C^BCLj. The preferred value at 296 K la a naan of tha valuta reported by Howard (1976) and 
Chans and Kauflnan (1977a). The value derived from a relative rate coefficient study by Winer et al . 
(1976) la a factor of - 2 greater than the other valuta and ia not conaidered in deriving the 
preferred value at 298 1C. The Arrhenius parameters are based on those reported by Chang and 
Kaufman (the A-factor ia reduced to yield the preferred value at 238 K). 

£43. OB 4 CFCLj and OB 4 CPjClj. The A-factor was estimated, and a lower limit was derived for E/R by 
using the upper limits reported for the rate conatants by Chang and Kaufman (1977b) at about --4 80 K. 
These expressions are quite compatible with the upper limits reported for these rate constants by 
Atkinson et el . (1975), Howard and Evenson (1976a), Cox at al . (1976a) and Clyne and Bolt (1979b). 
Hone of the investigators reported any evidence for reaction between CB and these chlorofluorome thanes . 

£46. OB > C10N0 2 * The results reported by Zahniser et al . (1977) and Ravi shank ax a et al . (1977b) are 
in good agreement at ~245 K (within 25Z), considering the difficulties associated with handling 
C10H0 2 > The preferred value is that of Zahniser et al . Neither study reported any data on the 
„ reaction. products. _ 

£47. 0 4 SCI. Fair agreement exists between the results of Brown and Smith (1975), Wong and Belles 

(1971), Rsvishsnkara et al . (1977a), Back et al . (1977) and Singleton and Cvetanovic (1961) at 
300 K (some of the values for k(300 K) wara obtainad by axtrapolation of tha axperimentally 
determined Arrbeniusexpr ess tons) , but thesa are a factor of ~7 lower than that of Balakhnin et al . 
(1971). Unfortunately, the values reported for E/R are in coexists disagreement, ranging from 
2260-3755 K. The preferred value was baaed on the results reported by Brows and Smith, Wong and 
Belles, Rsvishsnkara et al . . Hack et al . and Singleton and Cvetanovic but not those reported by 
Balakhnin et al . 

£43. O 4 B0C1. There are no experimental data; this is an estimated value based on rates of O-atom 
reactions with similar compounds. 

£49. O 4- C10H0 2 . The results reported by Molina et al . (1977b) and Kurylo (1977) are in good agreement, 
and this data has been used to derive the preferred Arrhenius expression. The value reported by 
Rsvishsnkara et al . (1977b) at 245 K is a factor of 2 greater than those from the other studies, 
and this may possibly be attributed to (a) secondary kinetic complications, (b) presence of N0 2 as 
a reactive impurity in the ClOHOj, or (c) formation of reactive photolytic products. Bone of the 
studies reported identification of the reaction products. The room temperature result of Adler- 
Golden and Wiesenfeld (1981) is in good agreement with the recoaxaended value. 

£50. 0 4- Cl^O. The recommendation averages the results of Miziolek and Molina (1978) for 236-295 K 

- with the approximately 30 percent lower values^of Wecker et al . (1982) over the same temperature 
range. Earlier results by Basco and Dogra (1971c) and Freeman and Phillips (1968) have not been 
included in the derivation of the preferred value due to data analysis difficulties in both studies. 

E51. 0 4- 0C10. The Arrhenius expression was estimated based on 298 K data reported by Bemand, Clyne and 

Watson (1973). 

E52. CH 4- 0C10. Hew Entry. The recccxoended value is that reported by Poulet et al . (1986b), the only 
reported study of this rate conatsot, using a discharge flow system in irfiicb CB decay was measured 
by LIF or EPR over the temperature range 293-473 K. Product B0C1 was detected by modulated 
molecular beam mass spectrometry. The branching ratio for tha channel to produce H0C1 4 0 2 was 
determined to be close to unity, but experimental uncertainty would allow it to be as low as 0.60. 

£53. HO 4 OC10. The Arrhenius expression was estimated based on 298 K data reported by Beamnd, Clyne 
and Watson (1973). 
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BCl + C1CM0L. Recently, res’ilts of four studios of the kinetics of this system have boon pub li shod, 
in tdULch the following _uppsr limits to the hosp|«>oM-biioi>cuUgj:iU-COMtint war a -reported: 

1 x 10 18 ca? molecule 1 s 1 by « static mil- las a loot-path 07 absozptioo technique and a lUtdy 
stata flow rrm technique (lb line at al . . 1985); 5 X 10* 18 us in* a flow reactor with FTXR analysis 

(Friedl at al .. 1986); and 8.4 x 10 21 using a static photolysis system with FT1R analysis 

-19 

(Hataksyama and Leu, 1986), and 1.5 X 10 by FTIR analysis of the decay of ClCtfO^ in the presence 
of BCl in large-volro# (2200 and 5800 liters) Teflon or Teflon-coated chambers (Atkinson at el . 
1987). Earlier, Birks at el . (1977) bad reported a hither upper limit. All studies found this 
reaction to be catalyzed by surfaces. The differences in the reported upper limits con be accounted 
for in terms of the very different reactor characteristics and detection sensitivities of the 
various studies. The homogeneous reaction is too slow to have any significant effect on atmospheric 
chemistry. 

BCl ♦ B0 2 ®2* ***** upper limit is based on results of static photolysls-FTHl experiments (M. T. 

Leu, private coeessiicetion, 1985)-. 

EJ) + CLOff^* Bew Entry. This recormwndatlcn ia based on the upper limits to the homogeneous 
blaoleculsr rate constant reported by Atkinson et si . (1988), and by Batakeyeme and Leu (1986). 
Atkinson et el . observed by FTIR analysis the decay of CIOMO 2 in the presence of B 2 O in large - 
voluse (2500 and 2600 liters) Tsflon or Teflon-costed cheehers. Their observed decay rata gives 
an upper limit to the homogenecxis gas phase rate constant, and they conclude that the decay observed 
is due to heterogsneous processes. Hataksyama and Leu, using a static photolysis systaa with FTIR 
analysis, derive a similar upper limit. Rowland et al . (1986) concluded that the decay they observed 
resulted frcm rapid heterogeneous processes. _The homogeneous reaction is too slow to have any 
significant effect on atmospheric chemistry. 

FI. Br ♦ 0 3 . The results reportsd for k(298 K) by Clyne end Watson (1975), Leu end DeMore (1977). 
Michael et al . (1978), Michael snd Payne (1979), and Tocher et si . (1987b) ere in excellent agreement. 
The preferred value at 2S8 K is derived by t aki n g a simple mean of these five values. The temperature 
dependences reported for k by Leu and DeMore and by Toohey et al . are in good agreement, but they 
can only be considered to be ia fair agreement with those reported by Michael et al . and Michael 
and Payne. The preferred value was synthesized to best fit all the data reported frcm these five 
studies. 

F2. Br + ^ 2 ^ 2 * ***• racoamended upper limit to the value of the rate constant at room temperature is 

based on results reported in the recent study by Toohey et al . (1987a) using a discharge flow-laser 
magnetic resonance technique. Their upper limit determined over the temperature range 298-378 K 
is consistent with less sensitive upper limits determined by Leu (1980e) and Posey et al . (1981) 
using the discharge flow-mass spectrometrie technique. The much higher value reported by Heneghan 
and Benson (1983) nay result frcm the pro sene e of excited Br atoms in the very low pressure reactor. 
The pre-exponential factor was chosen to be consistent with that for the Cl + rate constant, 

and .the E/R value was fitted to the. upper limit at- 298 X. . 

Br + B^CO . There have been two studies of this rate constant as a function of temperature; Hava 
et al . (1981), using the flash photo lysis- resonance fluorescence technique, end Poulet et al . 
(1981), using the discharge flow-mass spectrometrie technique. These results ere in reasonably 
good agreement. The Arrhenius expression was derived from a least squares fit to the date reported 
in these two studies. The higher roam temperature value of LeBras et al . (1980) using the discharge 
f low-EPR technique has been shown to be in error due to secondary chemistry (Poulet et el .). 

F*. Br ♦ 932. ***** recommendation is based cm results obtained over the 260-390 K temperature range 
in the recent study by Toohey et el . (1987a), using s discharge flow system with U* detection of 
B0 2 decay in excess Br. The room teeg>erafcure value reported in this study is e factor of three 
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higher than that reported fay Poult t ft al . (1384b) using LU «4 techniques aid is an ordar of 
magnitude larxsr-thap-the-value-of~Fossv~ et el . (1081) s — Ihe~unc arts in ty-inE/R-isset-toen coop ass 
tha valua E/R - 0, as for othar radical-radical raactlona. lbs reactions of Br atoms with H^O^, 
BCUO, and BOj ara all a Iowa r than tha corresponding raactlona of Cl- atoms by on# to two ordars of 
magnitude. 

F5. Br + C1 2 0. Haw Entry. Tha racoesaandad valua is a preliminary valua fay Sands r and Frladl (private 
cOBDuni cation, 1987). It was darlvad by observing tha formation of CIO using path UV 

absorption following tha flash photolysis of a Br^ • Cl^O adxture. 

F6. BrO ♦ 0. Tha preferred valua is basad on tha valua raportad by Clyns at al . (1976). This valua 
appears to be quite reasonable in light of the known reactivity of CIO radicals with atomic oxygen. 
The taeper store dependence k is expected to be small for an atom-radical process, a.g. , O ♦ CIO. 

F7. BrO + CIO. The recommended room temperature value is based an the DF/HS results of Clyns and Watson 
(1977), the recent DF/RF/tMR results of Toohey at al . (private communication, 1967), and the recant 
FP/UV ABS and DP/MS rasults of Friedl and Sandsr (private ccetmml cation, 1987), ell of which are 
in good agreenwnt an the value of the total rate coefficient. The 1 m»er value reported by Hills 
at al . (1987) ,- although not used in the derivation of the recommended value, is encompassed within 
the stated uncertainty limits. The such lower value of Basco and Dogra (1971b), derived using s 
different interpretation of the reaction mechanism, is not used here. It hem been shown by Clyne 
and Watson, Toohey at al . , and Hills at al . that the reaction proceeds approximately equally by 
the two channels indicated. In the atmosphere the C100 peroxy radical formed in the second 
reaction channel will- rapidly dissociate into Cl + . Oj. leek of . temperature dependence 

reported by Hills et al . is consistent with tha present estimation of E/R — 0; however, further 
work in other laboratories currently in programs suggasts an appraclabla nagatlve temperature 
dapendanea. 

F8. BrO +• HO. Tha rasults of the three low pressure mass spectrometrie studies (Clyne and Watson, 1975; 
Ray and *atson, 1331a; Leu, 1979a) and the high pressure uv absorption study (Watson et al . . 1979a), 
which all used pseudo first-ordar conditions, ara in excellent agreement at 298 K, and are thought 
to be much more reliable than the earlier low pressure uv absorption study (Clyne and Cruse, 1970b). 
The results of tha two temperature dependence studies are in good agreement end both show a small 
negative temperature dependence. The preferred Arrhenius expression was derived from a least 
squares fit to all tha data reported in tha four recant studies. By combining the data reported 
by Watsco et al . with that from the three mass spectrometrie studies, it can be shown that this 
reaction does not exhibit any observable pressure dependence between 1 and 700 torr total pressure. 
The temperature dependences of k for the analogous CIO and B0. reactions are also negative, and are 
similar in magnitude. 

F9. BrO + BrO. There are two possible bimolecular channels for this reaction: BrO + BrO 2Br + O 2 <k^) 
and BrO ♦ BrO - Br^ + (k.}. The total rate constant for disappearance of BrO (k - k^ ♦ 

been studied fay a variety of techniques, including discharge flow-ultraviolet absorption (Clyne 
and Cruse, 1370a), discharge flow-mass spectrometry (Clyne *n d Watson, 1975) and flash photolysis- 
ultraviolet absorption (Baaco and Dcgra^ 1971b; Sander end Watson, 1981b). Since. this reaction is 
second order in [BrO] , those studies monitoring [ErO] by ultraviolet absorption required the value 
of the cross section <7 to determine k. There is substantial disagreement in the reported values 
of 4 . Although the magnitude of <7 is depeudent upon the particular spectral transition selected 
and instrumental parameters such as spectral bandwidth, the most likaly explanation for the large 
differences in the reported values of a «s that the techniques (baaed on reaction stoichiometries) 
used to determine a in the early studies were used incorrectly (see discussion by Clyne end Watson). 

The study of Sander and Watson used totally independent methods to determine the values of <7 end 

— 12 . 

(<r/k). Tha raccemandatlona tor and k 2 art conaiatant »lth a racoondatlon of k • 1.1* X 10 
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rrp(+255/T) era 3 molecule 1 * This temperature dependence is the corrected value f roa Sandier 
od- Watson ,and-the~pre- exponential factors has been chosen to fit the value of k(298 K) - 2.7 x 10 
ca 3 molecule 1 * \ which is the average of the values reported by Clyne eod Watson (the mass 
spectrometric study where knowledge of a is not required) and by Sander and Watson (the latest 
absorption study). Thera was no observable pressure dependence froa 50 to 475 torr in the latter 
study. Cnx at al . (1982) used the molecular modulation technique with ultraviolet absorption to 
derive a temperature independent value of k^ which Is 50 percent greater than the 298 X. valse 
recoaanended here. 

The partitioning of the total rata constant into its two components, k^ and k^, has been measured 
by Sander and Watson at 298 I, by Jaffa and Mainquist (1980) from 258 to 333 C, and by Cox et el . 
(1982) from 278 to 348 K. All are in agreement that kj/k - 0.8410.03 at 298 1. In the temperature 
dependent studies the quantuas yield for the bromine photo sens i tired decomposition of ozene was 
neasured. Jaffa and Mainquist observed a strong, unexplained dependence of the quantun yield at 
298 K on [Br^J , and their results were obtained' at such higher IBr^) values than were those -of 
Cox et al . This makes a comparison of results difficult. From an analysis of both sets of temper- 
ature dependent date, the following expressions for k^/k were derived: 0.98 exp(-44/T) (Jaffa sod 

Mainquist); 1.42 exp(-163/T) (Cox et al .): aad 1.18 exp(-104/T) (mean value). This mean value Isas 
been combined with the expression for k^ shown in the table. The expression for k^ results from 
the nunerical values of k 2 at 200 C and 300 1 derived from the evaluation of these expressions for 
k x and for k-(k 1 + k 2 >. 

F10. 3rO + 0^. Basad on a study reported by Sander and Watson (1981b). Clyna and Cruse (197Qa) 
reported an upper llmt t-Of 8 x 10_** cm 3 _malemile 1 s 1 for this reaction. Both studies reported 
that there is no evidence for this reaction. The analogous CIO reaction has a rate constant of 
<10 18 cm 3 molecule * s 

Fll. 2x0 + H0 2 . The preferred value is based cn the value of kCCIO + BOj). Cox Sheppard (1S£2) 
have studied the rate of this reaction in an investigation of the photolysis of 0^ in the presence 
sf Br^, H 2 , and 0 2 using the molecular modulation-ultraviolet absorption technique. Although the 
reported value is not very precise, it does show that this reaction occurs and at a rate comparable 
to that for CIO + B0 2 . By analogy with the CIO + 90^ system, the products may be expected to be 
33Sr + 0 2 . 

F12 . 3rO * CH. Value chosen to be consistent with kCCIO ♦ Cfi), due to the absence of any experimental 
data. 

F13. OH + Br 2 * The rec amended room temperature value is the average of the values reported by 
loodaghians et al . (1387), Loewenstein and Anderson (1984) , and Poulet et al . (1983). The 
temperature independence is frem Boodaghi&s et al . Loewenatein and Anderson determined tbat 
the exclusive products are Br + BC8r. 

F14. OH ♦ HBr. The preferred value at room temperature is the average of the values reported by 
lav is hank ax a et al . (1979a) using FP-RF, by Jouxdain et al . (1981) using DF-EFR, and by Cam on 
tt al . (1384) using FP-LIF, and by Ravi sh ark a r a et al . (1385a) using LFP-SF and LFP-LIF techniques . 
In this latest study the HBr concentration was directly measured in- situ in the slow flow system 
by (JV absorption. The rata constant determined in this re investigation is identical to the value 
recommended here. The data of Ravi shank arm et al . (1979a) show no dependence on temperature enrer 
the range 249-416 1C. Values reported by Takacs and Glass (1973a) and by Husain et al . (1981) axe 
a factor of two lower aasd were not Included in the derivation of the preferred value. 
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FIS. Cfl + CH^Br. The absolute rate coefficients determined by Howard and Evens on (1976a) and Davis at aU _ 
(1976) srs la excellent agreement at 293" K. Tha oama approach' has been usad to~datazmina~ tha 
preferred Arrhenius par »a tars as was usad for tha 08 ♦ CH^F^Cl^^ r a act Iona . Fitting tha data 
to an expression of tha form AT 2 arp(-B/T) raaulta In tha- aquation 1,17 x 10-*® T?exp(-295/T) ovar 
tha temperature rant* 244-350 X. This raaulta In a prafarrad valua of 3.8 x 10 ^ era 3 nolacula 3 
s' 3 for k at 298 X. Tha derived Arrhenius axprassion can tar ad at 265 X is 6.0 x 10~ 13 exp(-820/T) . 

F16. 0 + HBr. Raaulta of tha flash photo lysis-rascnanca fluorascanca study of Hava at al . (1983) for 

221-455 X provida tha only data at stratospharle temperatures. Results hava also baan reported by 
Sinslatcn and Cvatanovic (1978) for 298-554 K by a phasa-shift technique , and discharge flow results 
of Brown and Smith (1975) for 267-430 I rad of Takaca and Glass (1973b) at 298 K. Tha preferred 
valua la based on tha results of Hava at al . and those of Singleton and Cvatanovic ovar tha sane 
temperature range . since thasa results are lass subject to complications due to secondary chemistry 
than ar e tha results using discharge flow techniques. Tha uncertainty st 298 K has baan sat to 
encompass thasa latter results. 

Gl. F + 0 3 . Tha only experimental data Is that reported by Wagner at al . (1972). Tha valua appears 
to be quite reasonable in view of tha wall known reactivity of atomic chlorine with O^. 

G2. F + H 2 . Tha valua of k at 298 X seems to be wall established with tha results reported by Zhitneva 
and Pshezhetskli (1978), Heidner et al . (1979, 1980), Vfarzberg and Houston (1980), Dodcnov at al . 
(1971), Clvna at >1 . (1973), Bozzelli (1973), and Igoshin at al . (1974), being in excellent agreement 
(range of k being 2. 3-3.0 x 10 11 cm 3 molecule 3 a *)." Tha prafarrad valua at 298 K is taken to 
ba tha mean of the values reported in these references. -Values of E/R range from 433-595 X (Heidner— - 
et al .: Wurzberg end Houston; Igoshin et al .). The preferred value of E/P. is taken to be the mean 
of the results from all of tha studies. The A- factor was chosen to fit tha rec amended room 
temperature value. 

G3 . F + CH^. Tne three absolute rata coefficients determined by Wagner et al . (1971), Clyne at al . 
(1973) and Kompa and Wanner (1972) at 298 K axe in good agreement; however, this may be somewhat 
fortuitous as the ratios of k(F ♦ + CH^) determined by these same groups can only be 

considered to be in fair agreement, 0.23, 0.42 and 0.88. The values determined for k (298) from 
the relative rate coefficient studies are also in good agreement with those determined in the 
absolute rate coefficient studies, and the value of 0.42 repor*. * for k(F + H 2 )/k(F +-C3j) by -Foon 
and Raid (1971) is in good agreement with that reported by Clyne et al . Fasano and Hogar (1982) 
determined tha absolute room temperature rata coefficient, and tha rata coefficient relative to 
that of tha reaction F + D 2 . The prafarrad valua for k (298) is a weighted mean of all the 
results. The magnitude of tha temperature dependence is somewhat uncertain. Tha prafarrad Arrhenius 
parameters are based on tha data reported by Wegner et al . , and Foon and Raid, and tha preferred 
Arrhenius parameters of the F + reaction. This reaction has been reviewed by both Foon and 
Kaufman (1975) and Jones and Skolnik (1976). The A-factor may be too high. 

G4. F + H^O. recommended expression is based on the 243-369 X results of Walther and Wagner (1983) 

and the recent 298 X result of Frost et al . (1986) . The pre-exponential factor has been adjusted 
to give the reccczsended room temperature value, which is the mean of the only two reported values. — 

G5. HO + FO. This is the valua reported by Ray aid Watson (1981a) for k at 298 K using tha discharge 
flow-masa *pect reuse trie technique. The temperature dependence of k is expected to be small for 
such a radical- radical reaction. Tha temperature dependences of k for the analogous CIO end BrG 
reactions (Table 1) are small and negative. 
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FO + FQ. Thz valuz of k(FO * TO) nporfead by CLyn. nd Uatvn (1974b) was obtained la a aort 
direct —aw than that of~ Wegner at al . (1972), and aa auch la laaa susceptible to error due to 
the presence o£ eaopllcatiag secondary reactions. The value rec emended In this assss i aa rit Is a 
waightad average ol the two studies. Treat the data of Wagner at al . it can be seen that the dcialnant 
reaction charnel la that producing 27 + Qj. However, their data baas is not adequate to conclude 
that this is the only process. 

G7. FO + Oj. The FO + Oj reaction has two possible pathways sdiich are exothermic, resulting In the 
production of 1 ♦ 2 Oj or F0 2 + Oj. Although this reactica has not bean studied In a simple, 
direct wanner, two studies of cotap lex c h eat l eal aye tews have reported sons kinetic Information 
about it. Starrlco at el . (1962) nseaured quantise yields for ozone destruction in Pj/Oj alxtures, 
and attributed the high values, *4600, to be due to the rapid regeneration of atomic fluorine via 
tha FO + 0j ■* F + 20 2 reaction. However, their reeults are probably also consistent with the chain 
propagation process being H) + ID » 2F t Oj (the latter reaction has bean studied twice [Wagner 

at al . , 1972; Clyne and Watson, 1974b), and although tha value of IFl^^.^^/iFO) .. , 

la known to be close to isilty, it has not been accurately determined. Consequently it is iaposslble 
to ascertain from the experimental results of Starrlco et al . whether or not the high quad Urn yields 
for ozone destruction should be attributed to the FO ♦ Oj reaction producing cither F ♦ 2 0, or 
F0 2 * 0 2 (this process is also a chain propagation step If the resulting F0 2 radical prsfszactislly 
resets with oxone rather than with either FO or itself). Wegner et al . utilized a low pressure 
discharge flow-mass spsctroostric system to study tha F + Oj and FO + FO reactions by directly 
monitoring the time history of the concentrations of F. FO sod Oj. They concluded that tbs FO + Oj 
reaction was unimportant in their system. However, their paper does not present enough information 
to warrant this conclusion. Indeed, their value of k(FO + FO) of 3 z 10 ^ la about a factor of 4' 
greater than that reported by Clyne end Watson, which may possibly be attributed to althar reactive 
Impurities being present in their system, e.g., 0( 3 P), or the FO t Oj reactions being not of 
negligible importance in , ■- y. Consequently, it la not possible to detazmina a value for tha 

FO + 0, reaction rate const— rrora existing experimental data. It la worth noting the analogous 

.10 3 . i _i 

CIO + 0 3 reactions are extremely slw* (<10 cm molecule s ) (DeMore et al .. 1576), and 

upper Limit* of 8 x 10 ** (Clyne *cd Cruse, 1970a) and 5 x 10 ^ ar? molecule * s * (Sander 

and Watsons 1981b) have been reported for BrO + 0^. 

G8. 0 + FO. This estimate is probably accurate to within a factor of 3. and is based upon the axsonption 

_that the -reactivity of FO is similar to that of CIO and-BrO, The temperature dependence of- the 
rate constant is expected to be small, as for the analogous CIO reaction. 

G9. 0 + F0 2 . Ho experimental data. The rate constant for such a radical- atom process is expected to 

approach the gas collision frequency, md is not expected to exhibit e strong temperature dependence. 

G10. CX 3 O 2 + recoemended values for the reactions of B0 with the perhalogenated methylperoxy 

radicals are based on the results reported by Dogncn at al . (1983) for the temperature range 230- 

*30 K. They are in good agreement with the room temperature values reported for the reaction, of 

CF 3 0 2 (Flush and Ryan. 1982a). CFCl^O^ (Lesclaux and Caralp, 1984). and CC1 3 0 2 (Ryan and Plumb. 

1984). Dognon et al . have shown that 90 2 is the major product in thase reactions. 

HI. CH + H 2 S. The value of k(298) is an average of the rate constants reported by Perry et al . (1976b), 
Cox and Sheppard (1980). Wine et al . (1981a), Leu and Smith (1982a). Michael et a^ . (1922). Lin 
(1982). Lin et al . (1983). and Barnes et al . (1986a). The value of E/R is tak«n from a composite 
unweighted least squares fit to the individual data points from the first seven studies. The 
studies of Leu and Smith (1982a). Lin et al . (1983), and to a lesser extent Lin (1982) show a 
• light parabolic temperature dependence of k with a minima occurring near room temperature. 
However, within the error limits stated in this evaluation, all data are fit reasonably well by an 
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Arrhenius expression. The weight of evidence from these recent measurements suggests that the 
earlier study by Hestmherg cad deRea* (1973b) wee in error (quite possibly duo to secondary reac- 
tlons). The room te mpe rature value of Stuhl (1974) lies Just outside the 2a error limit set for 
k(298). 

H2. CH ♦ 0C3. tbo value of k(298 K) Is at average of tbo da terminations by Hahn or and Kavlahankara 
(1987) and Chang and Loo (1980). Tbo values determined by those authors lie a factor of three 
higher than the earlier room taayaraturo measurements of Lou and Smith (1981). As discussed in 
the recent studios, this difference nay be duo to an over correction of the data by Lou and Saith 
to ftccomt for CB reaction with HjS impurities and also to possible regeneration of CB. Neverthe- 
less. the mcerteinty factor at 298 X has bean set to encodes the earlier study within 2a. The 
work by Wahoar and Rsvlshankara (1987) supersedes the study of Ravishankars at al . (1980b) which 
minimized complications due to secondary and/or arc it ad state .reactions interfering with the 
experiments of Atkinson at al . (1978) and Xurylo (1978). The upper limit for k(298 X) reported by 
Com and Sheppard (1980) is too insensitive to permit comparison with the more recent studies. The 
room temperature m es sur sms n ts Hahn or **.- d Savishankars deecustrate the lack of an affect of total 
pressure (or Oj partial pressure) on the rate constant and are supported by the more limited pressure 
~ and 0 2 studies of Chang and Lee. The E/R value recommended is that of Chang and Lea, which is 
considerably lower thm reported by Leu and Salth, although this difference may be due in pert to 
the earlier 1 mentioned overcorrection of the data by thasa latter authors. 

Product observations by Leu and Smith indicate that SB is a primary product of this reaction md 
tentatively confirm the suggestion of Xurylo and Laufsr (1979) that the reaction produces predomi- 
nantly SB + CC >2 through s complex (adduct) mechanism (similar to the adduct formation seen in the 
CB + CO 2 reectionm). However, the absence of an (^/pressure effect for OB + 0C3 is markedly 
different from observations in the CB + CS 2 reaction system (see following note). 

H3. OH + CS 2 . There is a consensus of experimental evidence indicating that this reaction proceeds 
very slowly as a direct himolecular process. Wine at al . (1980) sat an upper limit on k(298 K5 cf 
1.5 x 10 13 cm 3 molecule * s *. A consistent upper limit is also reported by Iyer and Rowland 
(1980) for the rate of direct production of OCS in this reaction system, suggesting that OCS and S3 
are primary products of a blmolecular process. This mechanistic interpretation is further supported 
by- the -studies- of Lea end Smith (19 82b 1 end Bietmexm et al . (1982). which set somewhat higher upper 
limits on k(2S8 X) . The more rapid reaction rates observed by Atkinson et el . (1978), Xurylo (1978), 
and Cox and Sheppard (1980) may ba attributed to severe complications arising from excited state 
and secondary chemistry in their photolytic systems. The Cox and Sheppard study in particular eay 
have been affected by the reaction of electronically excited CSj (produced via the 350 nm photolysis) 
with 0 2 (in the 1 atmosphere synthetic air mix) as well as by the accelerating effect of 0 2 on the 
CB ♦ CS 2 reaction which has been observed by other workers and is suamarized below. The importance 
of the electronically excited CS 2 reaction in the tropospheric oxidation of CS 2 to CCS has been 
discussed by Wine et el . (198 Id). ■ ■ 

An accelerating effect of 0 2 on the CH + CS 2 reaction rate has been observed by Jones et al . (1982), 
Barnes et al . (1983), and Ravi shankar a et al . (1986), along with e near unity product yield for S0 2 
and OCS. In the latter two studies, the effective blmolecular rate constant was found to be a 
function of total pressure (0 2 + f 2 ) as well, and exhibited an appreciable negative temperature 
dependence. These observations are consistent with the formation of a long-lived adduct as 
postulated by Xurylo (1978) and Xurylo and Lauf er (1979), followed by its reaction with 0^: 
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OB ♦ CS 2 + M * B0CS 2 + M 
*b 

k c 

a0CS 2 *02-* Product* 

Ravlsbanksca «t al . (1986) h*v», In fact, directly observed the approach to aquillbrius in this 

reversible adduct formation. In their study, the aquilibritm constant was measured as a function 
of temperature and the beat of formation of BOCS, calculated (-12.1 kcal/mole). A rearrangement 
of this adduct followed by dissociation into OCS and S3 corresponds to the low k (bi molecular) 
channel referred to earlier. Ravi sh e nt ers at al . (1086) measure a rata constant for thia process 
in the absence of 0 2 (at approximately ana atmosphere of *2 ) equal to 5 x 10 23 cm 2 molecule 1 
a 1 . The affective aecocd-ordar rate constant for CSj or OB ramoval In tbs above reaction 
scheme can be expressed as 

1/k .ff -‘Wc K1/P 02 J + (l/kaX^M 5 — • 

where P Q2 is the partial pressure of Oj and equals p 02 + P H2- Tne validity o £ this expression 
requires that and k^ art invariant with tti Pq^/P^ ratio. A 1/k vs 1/P Q2 plot of the data of 
Jones at al . (taken at atmospheric pressure) exhibits marked curve tuxe, _ sugg esting * more complex 
mechanistic involvement of 0 2 , berets the data of Barne t_et al . and Ravishankara et al . are more 
satisfactorily represented by this analysis. Nevertheless, while the qualitative features of the 
data from all three laboratories agree, there ere acme quantitative inconsistencies. First, under 
similar conditions of 0^ and pressures, the Barnes at al . rate constants lie approximately 601 
higher than those of Jones at al . and up to a factor of 2 higher than the measurements by Ravishankara 
et al . Secondly, two fits each of both the Barnes end Ravishankara data can be made: one at fixed 

and varying ?,* 2 , the other at fired P 02 and varying (i.e., varying add»d N 2 ). Within each 

data set, rate constants calculated frem both fits agree reasonably well for nx-*e fractions of 
near 0.2 (equivalent to air), but disagree by more than a factor of 2 for measurements in a pure 0 2 
system. Finally, the temperature dependence (from 264-293 X) of the values from Barnes et al . 
varies- systama tic ally from an E/R of -1300 X for runs in pure 0 2 (at 700 torr total pressure) to 
-2300 X in a 50 torr 0 2 plus 650 torr H 2 mixture. An Arrhenius fit of the Ravishankara et al . data 
(from 251-348 X) recorded in synthetic air at 690 torr yields an E/R m -3250 X. These observations 
suggest that k and k^ are not independent of the identity of M. For this reason, we limit our 
recommendation to air mixtures (i.e., ? C2 /P H2 - °- 2 »- 

The present recccxoendation accepts the measurements of Ravishankara et al . (1986) which appear to 
be the most sensitive of the three investigations. Thus, k(296 X) is based on an average of the 
"two '{above-mentioned) fits of the Ravishankara data -yielding (in unites of cm 3 molecule 1 s *) — 

k(298 S) - (l.S x 10* 13 ) P 

where P (the total pressure) is expressed in torr. The uncertainty factor (f 2gfl - 1.5) encompasses 
the results of Barnes et al . (1983) within la. To compute values of k below 298 X w« have taken 
the E/R value from the Ravishankara data and adjusted the pre-expocmtial factor to give exact 
agreement with k(298 X). The resulting expression is 

k(T) - {(3.3 x 10' 20 )axp((3250 ♦ 500)/T]} P 
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Again, this recocsaandation is valid only for oxygen-nitrogen mixtures at a total pressure P (in 
torr) having an oxygen no la fraction of 0.2. Tha AE/Rhas baan sat" to encompass - (within2tf)the 
average E/R valua from tha study of Bamas at al . It is intar as ting to nota that measurements by 
Ravishankars at aj . (1986) at approximately 250 X result in k ^ values which are independent of 
tha prasanca (or amount) of 0 2 . This suggests that tha adduct is quite stable with respect to 
dissociation into the reactants (CQ + CS 2 > at this low temperature and tha affective rata constant 
for rsactant removal is equal to tha elementary rate constant for tha adduct formation. Clearly 
additional work may be needed before tha full details of this complex reaction are understood. 

H4. 0 * H 2 S. This recooisendation is derived from an unweighted leest squares fit of the data of 

Singleton et al . (1979) and Whytock at al . (1976). The results of Slagle at al . (1978) show very 
good agreement for E/R 1* the temperature region of overlap (300*500 X) but lie systematically 
higher at every temperature. The uncertainty factor at 298 X has been chosen to encompass the 
values of k(298 X) determined by Slagle et el . (1978) end Ho llind an et al . (1970). Other t h e n the 
263 K date point of Why took et al . (1976) and the 281 X point of Slagle et al . (1978) the main 
body of rata constant data belt** 298 X cases from the study of Hollinden et el . (1970), which 
indicates e dramatic change in E/R in this temperature region. Thus, AE/R was set to account for 
these observations. Such a non-linearity in the Arrhenius plot might indicate s change in the 
reaction mechanism from abstraction (as written) to addition. An additional" channel (resulting in 
H-atoo displacement) has bean proposed for this reaction by Slagle et al . (1976), Singleton et al . 
(1979), and Singleton et al . (1982). In the two Singleton studies an upper limit of 201 is placed 
on tha displacement channel. Direct observation of product BSO was made in the recent reactive 
scattering experiments of Clomo et al .~tl981) and Davidson efc al . (1982). A threshold energy- of 
3.3 kcal/mol»~ was observed (similar to the activation energy measured in earlier studies) suggesting - 
the importance of this direct displacement channel. Addition products from this reaction have been 
seen in s matrix by Smardzewski and Lin (1977). Further kinetics studies in the 200 to 300 X 
range as well as quantitative direct mechanistic information could clarify these issues. This 
reaction is thought to be of limited stratospheric importance, however. 

H5. 0 +■ CCS. The value for k(298 K) is the average of five different studies of this reaction: 

Westenberg and da Haas (1969a), Kleora and Stief (1974), Wei and Tinmens (1975), Manning et al . 
(1976) and Breckenridge and Killer (1972). The recotnnended value for E/R is the average of those 
determined in the temperature studies reported in the first three references. Hsu et. al . (1979) 
report chat this reaction proceeds exclusively-by e stripping mechanism. 

H6. 0 + CS 2 . vaLue of k(29S K) is the average of seven determinations: Wei and Tinmons (1975), 

Westenberg and da Baas (1969a), Slagle et al . (197*s), Callear and Smith (1967), Callear and 
Hedges (1970), Homann et al . (1968), and Graham and Gutman (1977). The E/R value is an average of 
those determined by Wei and Timmons (1975) and Graham end Gutman (1977). AE/R has been set to 
encompass the limited temperature data of Westenberg and de Baas (1569a). The principal reaction 
products are thought to ba CS + SO. However, Hsu et al . (1979) report that 1.42 of the reaction 
at 298 K proceeds through the channel yielding CQ + S 2 and calculate a rateconstantT for the overall 
process in agreement with that recommended. Graham and Gutman (1977) have found that 9.62 of the 
reaction proceeds to yield CCS t 3 at room temper eture. 

H7 . S ♦ 0 2 - Ibis recommendation is based primarily on the study of Davis et al . (1972). Modest 
agreement at 298 X is provided by the studies of Fair and Thrush (1969), Fair et al . (1971), Donovan 
and Little (1972) and Clyne and Townsend (1975). The study by Clyne and White field (1979), which 
indicates a slightly negative E/R between 300 and 400 X, is encompassed by the present recommendation . 
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H8. S * Oj. This wee— <»tlOB accept* the only available gperi— tel data: that from Clyne and 
_ Townsend— (1873). In- the se a m study-thsas- a u tho r* r ep or t— a— vslaa~for~S~'»~0^ la raaaonabla 

agreeamtit with that recran wiled. The error Halt cited reflect* both the agreement mid the need 
far Independent confirmation. 

B9. 3 ♦ OB. Thla recommendation la baaed on tha single study by Jourdaln at el . (1978). Their maaaured 

value for 1(288 X) ermpares favorably with tha rar feruled vain* of k(0 * CO) when ana conaldere 
tha slightly treater ezothacalcity of the praaent reaction. 

H10. SO a Oj. Thla racoeeee nl etlon la baaed on tha low temperature mee eur ama n ta of Blade at el . (1882a. 
1882b). Tha room temparatura value accept* the latter raaulta, aa reconm ended by tha authora. 
The incartalntiaa cited reflect tha need for further confirmation ml tha fact that theee raaulta 
11* alfnlficantlr hither than an artrapolatlon of tha hither reaper a tur* data of Bnmann at al . 
(1968). A room temperature upper limit on k sat by Breckenridge and Miller (1872) la In good 
agree men t with tha Black at al . data. 

Hll. SO + Oj. Tha value of k(288 X) la an everate of tha determination* by Bel* teed and Thruah (1968), 
Robert* hew end Smith (1880), and Black *t al . (1882a, 1882b) mint widely dlffarint technique* . 
tha value of C/2. la an averate of the value* reported by-Halstead md Thruah (1866) and Black et el . 
(1982b), with tha A- fee tor calculated to fit tha value racoanandad for k(298 X), 

H12. SO + OB. Tha value reccamanded for k(2S8 X) la an averate of tha determination* by Fair and Tbrusb 
(1969) and Jourdaln et al . (1979). Both lata of data have been corrected uaint tha praient 

racoomondatlon for th*-0 ♦ CB reaction. - - - 

H13. SO + » 2 . Tha value of k(298 X) la an avarat* of the measurement* by Clyna aid MacBcbert (I960), 
Black at el . (1982*), and Brum in* and Stlsf (1986a), which etraa quit* wall with tha rata constant 
calculated from the relative rata measurement* of Clyna at al . (1966). Tha Arrhenius paraoMters 
are taken from Bnoming and Stlsf (1986a). 

HI*. SO + CIO. Tha value of k(298 X) la an averate of the measurements by Clyna and Mac2obert (1981) 
and by Brunnlns and Stiaf (1986a). Tbs temperature independence la taken from Braming and Stiaf, 
with tha A- factor calculated to fit tha value of k(298 X). 

H15. SO + OCIO. Thla racacmandation la baaed cm tha sintla room temperature study by Clyna and MacKobert 
(1981). Tha uncertainty reflects tha absence of any confirming investigation. 

H16. SO + BrO. This racaomendation la based on tha measurement* of B running end Stlsf (1986b) performed 
under both excess BrO and axcaaa SO co ndi tions. Tha rata cooetmit la supported by tha lower limit 
assigned by Clyna and KacRobert (1981) from measurements of S0 2 production. 

BIT. S0 2 B0 2 . This upper Unit' is based cn tha atmospheric' pressure study 'of Graham «t~al . (1979)7 

a" low pressure laser magnetic resonance study by Burrows et el . (1979) places a somewhat higher 
upper limit on k(293 X) of * x 10 ^ (determined relative to OB ♦ HjO^. Their limit Is baaed on 
_ the assumption that tha products era CB ♦ SOj. Tha weight of both thaaa studies suggests an error 
In tha earlier determination by Payne et el . (1973). 

B18. S0 2 + CHjOj. This reconrasndatlon accepts results from tha study of Sander and Watson (1981a). 

which la believed to be the most appropriate study for stratospheric modeling purposes among those 
which have been conducted. Their experiments were conducted using such lower CH^O^ radical 
concentrations than in tha earlier studies of Sanhuexa at al . (1979) and fen et el . (1979), both 
of which resulted in 1(298 X) valuas approximately 100 times larger. A later report by fen »t *1 . 
(1981) postulate* that thee* difference* era dua to the reactive removal of tha CB^O^O^ adduct at 
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high CHjOj radical concentrations, prior to its reversible decomposition Into CH^Oj + SO^. They 
outcast that such bahavior of CHjOjSOj or Its equlUbrated adduct with 0^ (08^0^30^0^) mid ba 
axpsetad In tbs studies yielding bl(b k values, while decomposition of CH^O^SOj Into raaetanta 
would dcaunata In tbs Sander and Watson axparlaanta. It doss not appear likely that such secondary 
reactions lnvolvlnc CHjOj, »0, or other radical species , if they occur, would be rapid snouth 
under no real stratosphere conditions to collate with the adduct dec exposition. Ibis interpreta- 
tion, unfortunately, does not explain the hlth rate constant derived by Cocks at al . (IBM) mdar 
conditions of low [CH^Oj] ■ 

H19. S0 2 * 90 2 ; SOj ♦ BOj. The raccazaandaticna for both of these reactions axe baaed on the study of 

Fanzborn and Cano a a (1883) uainc second darlvativa uv spectroscopy. Tbs upper Unit given for 
k(288 K) in the S0 2 reaction is actually their waasured value. However, thair observations of 
strenc hstarocansoua and water vapor catalysed effects prca^it us to accept their measurement as an 
upper Unit. Ibis value ia approxinataly two orders of watnl tivie lower than that for a dark reaction - - 
observed by Jaffa and Klein (1868) in B0 2 ♦ S0 2 alxturaa (nuch of which nay have bean due to 
hstarocansoua processes) . Pan shorn and Csnosa suggest the products of the S0 2 reaction to be 

MO ♦ S0 3 . They observe a white aerosol produced in the reaction of BOj with SOj and lnterprst it 
to ba the adduct BSO^. This claim la supported by ESCA spectra. _ _ 

H20. S0 2 * BOj. This racociaandad upper Unit on k(298 K) is the result of Dsubandiak and Calvert (1873). 

Considerably more consarvatlva upper limits have bean derived by Burrows at el . (1983b) and Wellington 
at al . (1986). 

H21. S0£-+'0j. This recocaendatlon is based on the limited data of Davie at al . (1978b) at 309 K and 

360 K in a stopped-flow investigation using aasa spectroaetric and uv spectroscopic detection. 

B22. Cl * ttjS. The value of k(298 K) ia an average of the sMasureasnts by Besbitt and Leone (I960), 
which refines the data of Breithweite and Laone (1978), Clyne and Ono (1983), Clyna at al . (1988), 
and Hava at al . (1983). The zero activation energy is derived Iron the data of Hava at el . and 
tha A-f actor is calculated to agree with k(298 K). Lu at al . (1986) also measure a teeparature 
independent rate constant, and thair larger value of k(298 K) - 10.3 x 10 ** stay be indicative of a 
slight pressure dependence for tha reaction, since thair axparlaanta were performed at 8000 torr. 

H23. C1+ OCS. This upcar limit is baaed on tha minimal detectable decrease in atomic chlorine measured 

by Sibling and Kaufman (1983). Based on tha observation of product SCI, these authors sat a lower 
limit on k(29S K) of 10 18 for tha reaction as written. Considerably mors conservative upper 
limits on k(298 K i wars determined in tha studies of Clyne at al . (1988) and Hava at al . (1983). 

B28. CIO + OCS; CIO * S0 2 . These racamendations era based on tha discharge flow mass spectroaetric 
data of Sibling tad Kaufman (1983). The upper Unit on k(298 K) for CIO + OCS uaa eat from tha 
minimus detectabli dacraaaa of CIO in this reaction system. Bo products ware observed. Tbs upper _ 
limit on 1(298 K) for CIO + S0 2 la based on tha authors 1 estimate of thair detectability for SOj. 
Thair estimates of k(298 K) based on tha mi ni mm detectable dacraaaa In CIO have not been used 
because of tha potential problem of CIO reformation from tha Cl * Oj source reaction. 

B23. SH + HjOj. This recouxsended upper limit for k(298 K) la based on tha single study of Pried 1 
et el . (1983). Thair value la calculated from tha lack of SH decay (measured by laser- induced 
■V fluorescence) and tha lack of OS production (measured by resonance fluorescence) . The three 

possible product channels era: + B0 2 , BSCS ♦ OB, and BSD -V H 2 0. 



H26. S3 + 0. -TM* r» conn « n d«tioo accept* tha results of Cupltt and Glass (197S). Tbs lax*. isje.rfcsinty 
reflect* thefect. that ther. is only cos atudy of tbs-raaction. 

H27. sa ♦ Qj. Thlt-nas upper limit for k(2M K) Is based on the recent study by Stschnih end Hollos 
( 1927 ) In experiments sensitive to the production of OB. More conservative upper limits on k(29S 
K) of 1.0 X 10* 17 and 1.3 x 10~ 17 were assigned by Friedl at el . (IMS) md Hang at el . (1987) 
respectively Cron detection sensitivities lor 08 production end S3 decay, respectively. An even 
higher upper limit by Black (1984), based on the leek of S3 decey, may have been complicated by 
S3 regeneration. Mich lets sensitive upper limits bed been calculated by Tiee et el . (1331) . 
Nielsen (1979), and Cupitt and Glass (1975). Stachnik and to Una (1937) also report e more 
conservative upper limit (<1.0 x 10 **) for the rate constant for the sue of the two S3 ♦ 0^ 
reaction channels (producing CH + SO and B + SO^). 

H28. SH + 0 3 . The value for k(293 X) is an average of the determinations by Friedl et «1 . (1935) 
(laser induced fluorescence detection of SB), Schcnle et al . (1987) (mesa spectrcmetric detection 
of reactant S3 and product EESO) , and Kang and Howard (1987) (laser magnetic resonance detection of 
SH). The temperature dependence is from Wang and Howard, with the A- factor calculated to agree 
with tha reemeaended value of k(298 X). A(E/R) reflects the feet that the temperature dependence 
comae from measurements above room teeperature and thus extrapolation to -lower temperatures may 
have additional uncertainties. 

H29. SH + K>2” This recooaandation accepts the recent measurements by Wang et al . (1937). These 
authors suggest that the lower values of k(298 X) measured by Black (1934), Friedl et el . (1935), 
and Bulatov et al . (1985) are due to S3 regeneration from. the H^S source. compound. In the recent 
study by Stachnik and Molina (1987), attempts were made at minimizing such regeneration. These 
authors obtained a k(298 X) value significantly higher than did the earlier investigators, but 
still 30Z lower than that measured by Wang et al . . who used two independent SB source reactions. 
A still higher rate constant value measured by Schcnle et al . (1987) has not been recommended due 
to the sooetdiat limited data base for their determination. The reaction as written represents the 
most exothermic channel. The absence of a primary isotope effect, as observed by Wang et al . 
(1987), coupled with the large mag n itude of the rate constant, suggests that the (four-center 
intermediate) channels producing SO + HMD and OS + SHO are of minor importance. No evidence for a 
three-body combination reaction was found by either Black (1984) or Friedl et al . (1S85). Based 
on a pres sure- independence of— the rata constant between 30 end 300 torr. Black set an upper Uni t 
of 7.0 x 10 31 for the third body rate constant. Similarly, Stachnik and Molina (1937) saw no 
change in decay rate between 100 and 730 torr with 0 ^ (although these 0^ experiments were designed 
primarily to limit S3 regeneration). 

H30 . ESO + NO, HSO + NO^. BSQ + 0^. These reccraaendaticns for all three reactions are based on the 
measurements of Love joy et al . (1937), who used laser magnetic resonance detection to monitor HSO 
in a discharge flow reactor. Their upper limit for the 90 reaction is e factor of 25 lower than 
the rate conaUht measured by Buletov et al . (1985) using intracavity laser absorption et pressures- 
between 10 and 100 torr. Since it is unlikely that this reaction rate undergoes e factor of 25 
increase between 1 tor r (the pressure of the Lovejoy et al . work) and 10 torr, the higher rate 
constant may be due to secondary chemistry associated with the BSO production. 

The recoccmcodaticn for the reaction is a factor of two higher than the rate constant reported 
by Buletov et al . (1934). Love Joy et el . have attributed this difference to HSO regeneration 

under the experimental conditions used by Bulatov et al. (1984). The product assignment for the 
9&2 reaction is discussed in note 332. 
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B31. HSQ + O-j . This recomsmjdatico is based on ths a ingle determination by Friedl «t »1 . (1983) in 
their study of the S3 + Oj rsaction. At hi|hsr Oj concentrations, greater quantities of BSO 
were produced in Use floe tube sssd SB approached a steady state due to ita regeneration via 
BSO * Oj. The rate casetant for this latter reaction was thus- date reload relative to SB ♦ Oj 
from measurements of the steady state SB concentration as a function of the initial SB concentra- 
tion. The lech of an isotope affect whan SO wee employed suggests that the products of the 
BSO * 0 3 reaction are SB + 20^ (analogous to those for H0 2 + Oj). 

B32. HS0 2 + 0 2 . This recaomendation is based on the rate of B0 2 formation measured by Love Joy et el . 
(1987) upon addition of 0 2 to the BSO + B0 2 reaction sy steel. While BSOj was not observed directly, 
a consideration of the nech entitle possibilities for BSO + HOj, coupled with measurements of the 
B0 2 production rate at various 0 2 pressures, led these authors to suggest that SS0 2 is both a 
major product of the BSO + *0 2 reaction and a precursor for B0 2 via reaction with 0 2 . 

B33. BCS0 2 + 0 2 . This rec amende t Ion is based on the recent studies of Gleason et el . (1987) and Gleason 
end Howard (1967), in which the BOSO^ reactant was directly monitored using a chwicel ionization 
mass s pact roots trie technique. Gleason and Howard conducted their maasursmants over the 297**23 K 
.teeperatore range, constituting the only temperature depend mice investigation. Thus AE/R_has been 
increased from their quoted liaite to account for the pot mi till uncertaintiee in axtrapolating 
their date to sub ambient temperatures. The value of k(29^X) derives further support from the 
study of Bando and Howard (1987), who employed laser magnetic resonance detection of product B0 2 , 
and froai tha studies of Margitan (198*a) and Martin at al . (1988), both of whom used modeling fits 
of CB radical decays in ths OB + SO^ + M reaction system in tha presence of 0 2 end HO. In this 
Letter analysis, the B3S0 2 (produced by OB + S0 2 + M) reacts with 0 2 yielding B0 2 , which subse- 
quently regenerates OH through its reaction with HO. 


H3* . H^S + HOj. This rscocmeodstion is based on the measurement! of Wei line ton et al . (1986), performed 
using flash photolysis kinetic absorption spectroscopy. 

H35. C2 r 0 2 - The recesnnendation given for k(298 X) is based on the work of Black et el . (1983) using 
LIF to monitor CS decays. This value agrees with tha somewhat lees precise determination by 
Richardson (1973) using CCS formation ratas, suggesting the validity of the reaction products as 
written. The latter author presents evidence that this rsaction channel dominates tha ona producing 
SO ♦ CO by more than a factor of 10. Msasuramants by Richardson at 293 X and 893 £ yield an E/R 
value of I860 X. However, use of this activation energy with the recosmended value of k(298 X) 
results in an unusually low Arrhenius A-factor of 1.3 z 10 In view of this, no raccnzasndation 

is presently given for tha taoperature dependsnci. 

B36. CS * 0 3 ; CS + *0^. Tbs k(298 X) recommendations for both reactions accept the results of Black 
et si . (1983), who used LIF real-time detection of CS in a laser photolysis experiment at room 
teepereture. The uncertainty factor reflects tha. absence of any confirming _meesureoj«nte. . 

Jl. He * Oj. Tha racormendetlon is the average of measurements of Silvsr and Xolb (1986a) and Agar 
et al . (1986). Thaaa values are not in good agramaant, differing by about e factor of two. 
Measurements made by Husain et el . (1983) at 300 X era consistent with tbs recanaendation but 
are not included because they did not recognize that secondary chemistry, HaO ♦ 0j - He + 20 2 . 
interferes with the rate coefficient measurement. Agar at si . (1986) estimate that the He0 2 ♦ 0 
product channel S 51. 
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J2. Ha + HjO. Th* raccMandatioo incorpor.t,.* tha data of Buaaln aid ManhaU. (1983), Agar at al . 
(1988), and SiLvar and Kolb (1988a). Husain aid Kara hall and Agar at al . aaaaarad tha taaqparatura 
dapandanca crvar tha raigaa 349 to 917 X. and 240 to 429 K, raapactlvaly, and ara is good agraaaaaot. 
Sllvar and lolb aaaaurad a rata coaff lciant at 293 K which la about 33X lowar than tha othar tao. 
Ear liar laaa diract atudiaa ara diacuaaad by Agar at al . (1988). Tha HaO product daaa not raact 
aignlflcantly with H^O at roan twpasatura (k (for la ♦ Ij ♦ 0 produeta) s 10* 18 a? nolacula* 1 
a' 1 and k (for Ha0 2 t Ij) s 2 x 10‘ 1S Agar at al ) . 

J3. Ha + Cl^. Two muutimdU of tha rata coaff lciant for this raactlon ara In axcallant agraamaot: 
Sllvar (1986) and Talcott at al . (1986). Tha raccasandad vain a is tha avsraga of thaaa roan 
tanparaturs rasults. 

— J4. HaO + 0. Tha racoamandation is baaad on a maasurama n t at 373 K by Plana and Husain (1966). Thay - 
raportad that S IX of tha Ha product is in tha 3*P axcltad stata. 

J5. HaO + 0 3 . This raactlon was studlsd by Sllvar and Kolb (1986s) sad A|«r at al . (1986). wfco agraa 
on. tha rata coafflclant and branching ratio. This sgg a ams n t nay ba fortuitous bacaosa Sllvar and 
Kolb usad an indiract matbod and an analysis basad on thair rata coafflclant for tha Vs ♦ Qj 
raactlon which is about 1/2 that raportad by Afar at_ al . Agar at al . anployad a soma w h at nor# 
diract iaaasuranant but tha study is cooplicatad by a chain raactlon machanism In tha Ea/O^ systaa. 

J6. HaO ♦ H^. Tha racoasaandatlon Is basad on a maasuramant by Agtr and Bcafard (1987a). Thay also 
raportad a significant Ha + ^0 product chazmal and that a small fraction of tha Ha from this 
ehannal is in tha 3^P axcltad stata. 

J7. HaO + H^O. Tha raecesaandation is basad on a maasuramant by Agar and Howard (1987a). 

J3 . HaO + HO. Ths raccmmandaticn is basad on an indiract maasuramant raportad by Agar at al . (1986). 

J9. HaO ♦ HC1. Thara is only ona indiract maasuramant of tha rata coafflclant for this raactlon, that 

from tha study of Sllvar at al. (1984a). Thay indie a ta that tha products ara HaCl and OH, although 
soma HaCH and Cl production is not rulad out. 

J10. HaO 2 + HO. This raactlon is andotharaic. Tha uppar limit r a command ad is from an experimental 
study by Agar at al . (1986). 

Jll. HaO^ + Kl. Tha recommendation is basad on a maasuramant raportad by Sllvar and Kolb (1986b). 
Thay indie a tad that tha products ara HaCl + BO^, but HaOOH + Cl may ba possibla products. 

J12. HaOB + BCL. Tha racoraaandation. is basad on tha study of Sllvar at al . (1984s) . which is tha only 

publishad study of this' raactlon. — .. . 







Table 2. Race Constants for Three-Body Reactions 


Low Pressure Lisdt* Ei(h Pressure Ll*it b 

k o (t) - k^ a0 <I/300)* n k.(T) - k* 00 (T/300)~" 


Reaction 

o"L 

o 

o 

n 

.300 

m 

Hotes 


M 

6 0 ♦ 0 2 «• 0 3 

(8.010. 3X-34) 

2.310.5 

- 

- 

1 


OI ♦ « 2 - » 2 0 

(3.513. OX-37) 


. 

- 

2 


M 

* H_+ 0 2 - B0 2 

(5.710. 5)(-32) 

1.810.5 

(7. 514. 0X-11) 

Oil 

3 .. 


M 

OB ♦ OB - HjOj 

(8.S±3.0)(-31) 

“•“oiS 

(1.010.5)(-11) 

111 

4 


M 

0 RO - B0 2 

(9. 012. 0)(-32) 

1.510.3 

(3.011.0)(-11) 

Oil 

5 


M 

o + » 2 - »o 3 

(9.011.0) (-32) 

2.011.0 

(2.210.3)(-11) 

Oil 

6 


M 

oa + wo - aowo 

(7. 012. OX-31) 

2.811.0 

(1.511.0) (-11) 

0.310.5 

7 


M 

& OB + X) 2 - EB0 3 " 

(2.S1073X-30) 

3.210.7 

(2.411.2H-11) 

1.311.3 

'8 

- 

* *°2 * K 2 ” W 2*°2 

(1.8±0.3)(-31) 

3.210.4 

(4.711.0)(-12) 

1.411.4 

9 


M 

a bo 2 + S0j - » 2 o 5 

(2.2M.3X-30) 

4.311.3 

(1.310. 8)(-12) 

0.310.5 

10 


M 

Cl ♦ SO - C1S0 

(9.012.0)(-32) 

1.610.5 

- 

- 

11 


M 

Cl + » 2 - C10R0 

(1.310.2)(-30) 

2.011.0 

(1.010.5) (-10) 

Ill 

12 


H 

- ci*o 2 

(17810.3) (-31) 

2.011.0- 

(1.010. 5) (-10) 

. Ill 

12 


M 

Cl + 0 2 - C100 

(2.011.0)(-33) 

1.411.4 

- 

- 

13 


M 

♦ Cl + Cf 2 - cic 2 h 2 

(1.0±0.2)(-29) 

3.510.5 

(5.0H.5X-11) 

2.610.5 

14 


M 

# CIO + CIO - ci^ 

(4.0±2.0)(-32) 

2.011.0 

(1. OX-1111) 

212 

13 


M 

& CIO ♦ S0 2 - CIO S0 2 - 

(1.810.3)(-31) 

3.411.0 

(l.S10.7)(-ll) 

. 1.911.9 

16 ~ 


M 

BrO * 90 2 - BrOf» 2 

(5.012. 0){-31) 

2.012.0 

(1.010. 5)(-ll) 

111 

17 


Hot*: k(Z) - kCH.T) - (— 

k (T)IM1 

2 , 

0.8 U + 

(k o (T)(MlA«(I))l 1 2 )‘ 

1 




1 ♦ k (T)(M)/k (T) 

o • 

Th* values quot*d ax* lultabla foe air as th* third body, M. 
a Units are ca 6 /nol*cui* Z -**c 
b Units art cn 3 /oolecul*-s*c 

• Indicates a chant* tram th* previous Fan*! evaluation (JFL 85-37). 
a Indicatas a chant* in th* not* froai th* prrrlous evaluation. 

# Indicates a nee entry that vas not in th* previous evaluation. 
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Table 2. (Continued) 


Lc* Pressure Liait* High Pressure Liait* 5 

k o (T> " k o° 0{ T/ 3 °0 , ~ n k.(T) “ k^ 00 CT/300)' 1 “ 


Ejection 

k 300 

*0 

n 

.300 

■ 

Notes 

M 

F ♦ 0 2 - F0 2 

(1.610. 8)(-32) 

1.411.0 

- 

- 

18 

H 

F ♦ HO - FW 

(5. 913. OH-32) 

1.711.7 

- 

- 

13 

M 

F ♦ H0 2 - Products 

(1.110.6)(-30) 

2 . 012.0 

(3. 012. OH-11) 

Ill 

23 

M 

fo + ho 2 - rc«o 2 

(2. 612. OH-31) 

1.311.3 

( 2 . 011 . 0 ) (- 11 ) 

1.511.5 

21 

M 

& 03 + ° 2 - 0^2 

(4.5tl.5)(-31) 

2 . 011.0 

(1.810.2X-12) 

1.711.7 

22 

n 

♦ H 0 2 - CH 2 O 2 NO 2 

(1.510. 8H-30) 

4.012.C 

(6.513.2)(-12) 

2±2 

23 

H 

& ce + S 0 2 - 330 2 

(3. Oil. OH-31) 

3.311.5 

(1.510. 5)(-12) 

01 ° 

i. 

24 

H 

CS ♦ - axa 2 CH 2 

(1.510.6H-28) 

0 . 8 ± 2.0 

(8.810.9H-12) 

. 

25 

H 

ca ♦ 2 - axHCH 

(5. 512. 0H-30) 

0 . 010.2 

(8. 311. OH-13) 

-“1 

zs 


(1.510.3H-29) 

4±2 

(8.511.0)(-12) 

1±1 

27 

H 

crci 2 + o 2 - cfci 2 o 2 

(5. 010.8) (-30) 

212 

( 6 . Oil. OH-12) 

1±1 

23 

«3 + °2 * ca A 

(1.010.7X-30) 

2±2 

(2.512)(-12) 

111 

23 

M 

CFC1 2 0 2 + »0 2 - CFC1 2 0 2^2 (3. 5±0.5><-29) 

4±2 

( 6 . 011 . 0 )(- 12 ) 

212 

30 

M 

es «■ no - reap 

(2.410.4)(-31) 

3±1 

(2.710.5H-11) 


31 

M 

K* + 0 2 - K» 0 2 

(1.9il)(-30) 

1 . 110.5 

(2.011.8)(-10) 

Oil 

32 

M 

# 5a0 + 0 2 - HsC^ 

(3.510.7)(-30) 

2±2 

(S.713X-10) 

OH 

33 

M 

# 5«3 ♦ CC 2 - W0 3 

(8.712.6H-28) 

„ .212 

J6.5t3)C-10) 

Oil 

34 

M 

# s*ca ♦ co 2 - i*bco 3 

(1.310.3)(-28) 

212 

(6.814)(-10) 

Oil 

35 


k (T)(W1 {1 + [lo» 0 (k (T)(Ml/k,(T))l 2 } 1 

Jets: k(Z) - k(M.T) - ( 2 ) 0.6 

1 ♦ k 0 (T)[H]A a (T) 

The values queted ere suitable for sir es the third body, H. 
a Colts are ca 5 /aolecule 2 -sec 
b Colts are ca°/aolecule-sec 

* Indicates a chance froa the previous Panel evaluation (JPL 85-37). 
fc Indicates a ch«m e In tha not# froa the previous evaluation. 

# Indicates a sea entry that was sot In the previous evaluation. 


NOTES TO TABLE 2 




1. 0 ♦ O^. Low-preaaure limit and T-dependence are an average of Klais, Anderson, and Kurylo (1980a), 
and Lin and Lau (1982). Tha raault la in agreement with moat pravloua work (aaa rafarancas tharain). 
Kaye (1986) has calculated isotope af facts for this reaction, uslns mathods similar to thosa discussed 
in tha Introduction; Troa (1977), Patrick and Go Id an (1983). 

2. 0(^D) + H 2 . Low-pr«ssuxe limit from Kajimoto and Cvatanovlc (1376). Tha T-dependence is obtainad 
by essuaing a constant 0. Tha rata constant is axtraoaly low in this spacial system dua to 
alactronic curve crossing. 

3. H ♦ O^. Kurylo (1972). Wans «*d Davis (1974) and Bsu at al . (1987) ara averaged to obtain tha low 
pressure limiting value at 300 K. Tha first two studies include T-dapendence, as does a recant study 
by Hsu at al . (1987b). Tha recaamended value is chosen with constant <AE> U —.05 kcal mole* . 
This very low number reflects rotational affects. Tha high pressure limit is from Co bo a at ai . 
(1985). The temper store dependence is estimated. Cobos at al . estimate m * '0.6, which is within 
our on certainty. 

4. OB 4- OB. Zalina r private communication, 1982) reports pressure and T-d span dance in H 2 * or 253 < T 

< 353. Their values ara in rough agreement with those of Kijewsky and Troe (1972), who report low- 
pressure values in Ar for 950 < T < 1450. Trainor and von Rosenberg (1974) also report s value. 

5. 0 + HO. Low-pressure limit and n from direct measurements of Schieferstein et al . (1983) and their 
re-analysis~of the data of Whytock et al . (1976). Error limits encompass other studies. High- 
pr as sura limit and m from Baulch et al . (1980) and Baulch et al . (1982), slightly modified. 

6. 0 + BO.,- Values of rate constants and temperature dependences from the evaluations of Baulch et al . 

(1980). They use ? c * 0.8 to fit the measured data at 298 K, but our value of F c - 0.6 gives a 
similar result. In a supplementary review, Baulch et al . (1982) suggest a slight temperature depen- 
dence for F , which would cause their suggested value to rise to F c - 0.85 at 20Q K. 

7. OB ♦ HO. The low-pressure limit rate constant has been reported by Anderson and Kaufman (1972), 
Stuhl and Viki (1972), Morley and Smith (1972), Westenberg and de Baas (1972), Anderson et al . 
(1974), Howard and Evenson (1974), Harris and Wayne (1975), Atkinson et al . (1975), Overend et al . 
(1976), Anastasi and &aith (1978), and Burrows et al . (1983). Tha general agreement is good, and 
the recoezDBded value is a weighted average, with heavy weighting to the work of Anastasi and Smith. 
The reported high pressure limit rate constant is generally obtained from extrapolation. The recom- 
mended value is a weighted average of the reports in Anastasi and Smith (1978) and Anderson et al . 
(1974). [Both cla and trans — B0H0 are expected to be formed.) 

3. Cfl N0 2 . The low-pressure limit is^froo Anderson et al . (1974). who report n ■ .2. 5 (240 < T/K 

< 450); Howard and Evenson (1974); Anastasi and Smith - (1976), who report n • 2.6 (220 < T/K 

< 550) and Wine et al . (1979) who eupport these values over the range (247 < T/K < 352). The recom- 
mended value of n • 3.2 comes from <AE>- - 0.55 leal mole . (This value is consistent with 

a 2 — — 

the experiments.) Burrows et ai . (1983) confirm the value of k st 295 K. The high-pressure 
limit end I-depezxlsnce come from ERRS model of Smith end Golden (1978), although the error limits 
have been expanded to encompass m - 0. Robert shew and Smith (1982) have measured k up to 8.6 
atmospheres of C? 4 . Their work suggests that k a might ba higher than suggested here (-S0X). 
This might also be due to other causes (i.e., isomer formation or involvement of excited electronic 

states). Burkholder et al . (1987) have shown that BGH0- is the only isomer formed (yield “ 
25 “ 

.75±‘ 1q ). The recocmendation hare fits all data over the range of atmospheric interest. 
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8. BOj ♦ K3j. Changed fro* JH. 85*37. Recently furylo and OnallatU (1886) bar* rnuurW th* 300 X 
rang* constant*. furylo cad 0u*llett* (1887) have elso rwwrtd th* t if ■ recurs dependence. Tha 
ra coma a nda d value* era taken from thlalatt*c~r*fer*n c<r-s di Brwi tt-thttr^d*t*^w» r* c ombined with that 
of Sander md Paterson (1884). Tha racamasodad k o (300 t) la consistent with Bowaxd (1877). 0th* r 
atudia* by Slanoaltla and Balcklan (1878) and Cos and Patrick (1378). ara la reasonable agreement 
with tha racoanandatlona . 

10. HQj + 1833' Data on tha ravers* reaction aza fraai Canaall and Johnston (1878) and Vlggiaco at al . 
(1881). (Thaaa data aza uaad in thia analysis by multiplying by tha equilibria* cooatant (Ivan In 
Table 3 . ) A vary thorough analyaia of thia data and a wore complicated fit can be found in Malko 
and Tzoa (1882). Recant atudia a by firebar at al . (1884), Croc* da Cobow at al . (1884), 3alth at al . 
(1883), Burrow* at al . (1883a), and Wa l li n g t on at al . (1887a) confirm tha currant racnawai latioo. 

Tha valuaa in Table 2 yield a curve that Batch** all tha data op to 5 aha . This Include* the two 
lowaat pres aura point* of Croce da Coboa at al . Tha value* frtaa thia latter verb above 10 ata are 
30Z hither than tha curve. Tha value of a * 4.3 la from firebar at al . (1884). Tha value of 
ta - 0.310.3 is from firebar at al . Tha study of foal** at al . (1882) la noted but not uaad in tha 
analyaia. Johnaton at al . (1886) have reviewed thia raactloe. 

11. " Cl a HO. Low-prassur* Unit trow La* at al . (1878a), Clark at al . (1865), Ashmore md Spencer - - 

(1833), and Ravlshankara at al . (1878). * Temperature dependence from Lea et el . (1978a) and Clark 
at al . (1988). 

12. Cl + H0 2 . Lcw-p r • a ■ ur e limit and T-depandene* from Leu (1984a). (Assuming similar T -dependence _ - 
— -in H 2 md Ha.) Leu confirm* the observation of Hikt at al . (1878c) that both C1CH0 and CUDj, are . 

formed, with tha former dominating. This has bean explained by Cheng at al . (1978a), with detailed 
calculation* In Patrick and Golden (1963). Tbs taoparature dapaadanca la a* predicted in Patrick 
and Golden (1983). The latter aork extends to 200 torz and the high pressure limit was chosen to 
fit these measurements . Th* temperature dependence of tb* high pressure limit is aatimatad. 

13. Cl * 0,. Stedman at al . (1963) and Nicholas and Norzish (1963) saasured this process in gj.. fh* 
recoaxsended value is based on k(H 2 )/k(Az) “ 1.8. , and th* T-dapandanca is based on th* usunption 
of constant <AZ > . 

14. Cl + CjHj, Taken from Bruming and Stlaf (1983). ibo maasurad k from 210 to 361 K ialr between 
approximately 10 torr and 300 ton. Experiment* In V 2 at 296 f war* uaad to '.cal* th* lar-pressure 
limiting rat* constant. Error limits war* increased to sc coin t for tha fact that only oce tempera* 
tore- dependent study exists. 

As pointed out in Brunning and Stiaf (1985), thasa valuaa ars reasonably compatible with earlier 
studies of Poulat at al . (1973), Atkinson and Aachemm (1985), La* and Rowland (1977). and Iyer 
et si . (1983). 

15. CIO * CIO. For th* tatmolaculsr reaction (with * 2 and 0 2 aa third bodice), Bayman at ml . (1986) 
report 

k - (8.010.4) x 10‘ 32 x (T/300)' 2 - 1 * 0 - 7 cm 6 /* 

This result Is in good sgrssmsct with the earlier aolsculsr Modulation result of Johtacton et al . 
(1969), which gave k “ 5 x 10 ^ cm 6 /s with 0^ as third body. Other previous roeasurewmts , such 
as Cox and Dsrwsnt (1979), Basco and Hunt (1979), and Walker (1972), gave so—wfast lewsr rasults 
(approximately a factor of two) for similar third bodies. The reasons for these differences are 
not known. The recosnendatlon eocanpasses these values. 
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IS. CIO ♦ KJj. Bw available kinetics data for this ruction have fallen Into too lata, ahlch or* in 
substantial dlmwt. Several independent Low-praesara d<tiMinitinM~tZifcnli»r tt »! .. 1077; 
Bilks at «1 - . 1371 ; Ian at «1 .. 1977; Laa at al .. 1983) of tba rata of CIO disejpeerance via the 
CIO ♦ IDj + M faction ara in amcallsnt agreement and lira an cverage k Q (M0) naar 1.1 x lO* 31 cm® 
a” 1 . >o product identification aaa cazziad oat, and it au aaoiaaad that tha raaction (an chlorina 
nltzata, CICKJj. la eantraat, diract ■aaau r ma ri ta of tha rat a of thanaal deccaqueltion of C1080 2 
CEnaoth, 1978; Schncle at al .. 1979), combined with tha aquilihritaa constant, give k Q (300) - 4.3 z 
10 cm* a' 3 far tha fhraa-body raaction forming C 1 0B0 - . Sine a tha swasured rata of CIO disappear - 
anca aaaaa mil. aatabliabad b y four groups, tha Khauth results can be reconciled with tha higher 
«■ hr three different explanations : (1) tha measured t h e rm a l decoapoeitloo rat a is incorrect: 
(3) tha equllibmiue ennataert. is in error by a factor of three (requiring that tha ara off by 
-1 kcal/aola, adtich, Alla a wa ll . is outside tha stated error lhaits); (3) all tha data ara correct, 
and tha Lo w-pressure CIO die appear wvee studies measured not only a reaction forming ClCMOj, but 
another charnel forming an iaonar. such as OCU0 2 , C10CK), or CCIOD (Chang at al . . 1979a; Molina 
at al .. 1980a). 

Sacaaxt sock by Bsrgltan (1983b), Cox at al . (1984b). and Burrows at al . (1983a) indlcata that there 
are no Isoanrs of COK^ formed. Thus, either explanation (1) and/or (3) above must be invoked. 
Wellington and Cor (1986) confirm currant values, but are unable to explain tba affect of OCIO 
observed by both Molina at al . (1980s) and thasmalvea. 

Tha high-preasars limit rata constants and their temperature dependence are from tha nodal of Smith 
and Golden (1978). Tba rata constants above fit measured rata data for tha disappear enca of reactants 
(Cone and Lewis, 1979; Leach at al .. 1981). Data frem Handwerk and Ze liner (1984) indicate a slightly 
lower k._ 

17. BrO ♦ *D 2 - Data at 300 X ara from Sander at al . (1981). They suggest k Q “ (3.0±1.0)(-31) k. - 
(2.0±5;J)(-11) sndT e - 0.4±°;Jj. Tha taaparature depandances ara simpla estimates. 

Evan though iscoar fcrmf.ticn *eee» to h*ve b aan ruled out tor the CIO + J© 2 reaction (i.a. tha isomer 
stability Is too lew to maka a significant contribution to tha aaaaurad rata constant), this doas not 
allsinata tha possibility that BrO + S0 2 laada to ooxa than ona stabla compound. In fact, if tha 

maasursd valua of k is occafkad, it can only ba thaoretlcally raconcilad with a single isomer , 

9 -1 

BrO0O 2 . tdiich would bava a 6-7 kcal aola stronger bond than C10S0 2 ! This would fix tha ha at of 
formation of BrOCC 2 to ba tha mbs as CICHOj. an unlikaly possibility. 

18. F ♦ 0 2 « Low- pr essure Unit from Baulch et al . (1982), who averaged tha rasulta of Zatzsch (1973), 
Arufcyuner at al . ( 1978 ), Chan at el . (1977), and Shaooniaa and Xatov (1979). Temperature dapandanca 
is calcalatad (Patrick aad Go 1dm (1983)). 

Calm) a: ad values cf tha street collision rata constant yiald a more physically meaningful valua 
of 0 when tha JAXAF valua of tba haat of formation of F0 2 is adopted. “ Sea notas to Table 3 and 
Patrick nd Golden (1383). 

19. F ♦ SO. Parameters estlnatad from strong collision calculations with <A£> set at .12 kcai/oole 
yiwldirg fi - 0.30 at 300 X and * - 0.38 at 200 K. 

20. F ♦ S0 2 . Experimental data of Fesano and Vogar (1983) wara used to determine both tha high and low 
praasuxa limits at 300 X . Thay fit thair data to en expression such ss recommended here . 
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Treatment of the data for this aystaa requires knowledge of tha relative stabilitiss of m0 2 and FOKO. 
Patrick- and Goldan (19S3)- as«nw>d that tha diffaraoca between thasa would ba tha same as between 
tha C1HCL isomers. Thus, they coocludad that k^ OQ (FK0 2 ) - 8.0 x 10 31 and k^ 00 (FOO) * 

2.4 x 10 3 , and that F0!C would ba formed -3 times wore favorably than FKO,. Wa hava fowd an 

o * -29 

arror of a factor of four in tbalr calculations, which would pradict k 300 (FOHO) > 1.06 x 10 , 

and thus an overwhelming amount of FCNO. Tha measured valua is k ->1.06 t iZ 30 f which is coe-tenth 

of tha pradict ad value. 

A calculation at tha MP-3/6-31G* laval by Evlath (privata carom i cat ion, 1984) indie ataa that tha 
F0H0 is touch more than 10 kcal mol 1 lass stabla than FK0 2 and that its rata of formation can ba 
ignored. Thus, wa hava k(azp) “ k(FK? 2 ) - 1.05 x 10 30 . 

Tha valua of n - 2 is from Patrick and Gold an, and tha valua of a is a rough estimate from similar 
r a act ions. 

21. FO ♦ NO_. Low- pr as sura limit from strong collision calculation and 0 - 0.33. T-dapandsnea from 

^ -i 

rasultact <AE> - .32 kcal mole High-prasaura limit and T-dapandanca astimatad. Che a again (saa 
Kota 16) multipla charm a Is could ba important hara, which would swan that tha raaction batwaan FO and 
— * - K0 2 could ba much fas tar, sinca thasa valuas consldar only FCH0 2 formation. 

22. CH 3 ♦ 0 2 . Low-pressure limit from Seltzer md Bayes (1983). (Thasa workara datarminad tha rata 
constants as a function of pr as sura in H 2 , Ax, 0 2 , and Ba. Only tha H 2 points war a us ad dixactly 
in tha evaluation, but tha others ara conalstant.) Plumb and Ryan (1982b) rsport a valua in Ba 
which is ccnsistant within jarrpr limits with tha work of Saltzar and Bayas. Pilling and Smith 
(1983) hava maaaurad this procass in Ar (32-490 fcorr) . Thair low pr as sura limiting rata constant 
is cons 1st ant with this avaluatlon, but tbalr high prassuta valua is s littla low. Cohos at al . 
(1983) hava mads maaauramanta in Ar and H 2 from 0.23 to 130 atoosphsrss. Thsy report paramatars 
sooawhat diffarant than raconmandad hara, but thair data ara raproducad wall by tha recccmanded 
valuas. Tha work of Lagima and Baughcun (1982) aaama to ba in tha fall-off region. Results of 
Pratt and Wood ( 1984 ) in Ar ara consistent with this recomendation, although tha measurements are 
indirect. Thair T-dependence is within our astiaata. As can ba seen from Patrick and Golden ( 1983 ), 
tha abovs valua laada to a vary small 0, -*.02, and thus temperature depandance is hard to calculate. 
Tha suggastad valua is an astimate. Ryan and Plush (1984) guggsst that tha soma type of calculation 
as employed by Patrick and Golden yields a reasonable valua of 0. Wa hava not bean able to reproduce 
thair results. Tha high pressure rata constant fits tha data of Cobos at al . (1983). Tha tempera- 
ture dependence is an astiaata. (Oats of van den Bergh and Callaar (1971), Bochanadel at al . (1977), 
Basco et al . (1972), Washida and Bayas (1976), Laufer and Bass (1973), and Wash! da (1980) are also 
considared.) 

23. CH^O^ + K0 2 . Paramatars from a reasonable fit to tha temperature and pressure-dependent data in 
Sander and Watson (1980) and Ravishankara et il . (1980a). The former reference reports thair room- 

" tester atur a " data iir tha saeaa form as herein, but. they allow. F c to _vaxy. Tbay_ report: 

k 0 - 2.33 x la" 30 . k. - 10' 12 (T/300)" 3 - 5 , P e - 0.4. 

Thasa parameters ara s batter fit at all temperatures than those recoox&ended hara. Wa do not adopt 
them since they ara not (arch better in stratospheric range, and they would require both a change in 
our F c “ 0.6 format, and tha adoption of a quite large negative activation energy far k 0 . 



The CODAIA ncoMBditiau (Baulch et ml .. 1882) are: k a - 2.3 x 10* 3Q (T/300)' 4 , k # - 8 x 10* U 

•ail c - a‘ I/32 ° + ,-1280/T. yl#uilis , e _ u , t 30 0 X and .3* at 200 X. Thasa valuaa do 
not fit the data as wall as tbs currant recommendations. It la interesting to nota that tha data 
raqulre a nagativm I-depandance for k a , similar to air am 33j * racooaa n datlcn, and that 
tha vmlua of f at 300 X la -.2. 

21. OB + S0 2 . Valuaa of tha rata consta n t aa a function of praaaura at 288 X from Lau (1882), 
Paraakevopoulos at al . (1883), and Ulna at al . (1884). Tha valua of tha low praaaura Halt la 
froa Lau (1882), eorractad for fall-off. Tha high praaaura Halt la fraa a fit to all tha data. 

Tha valua of n caaaa fraa tha above data cosh In ad with calculations such as those of Patrick and 
Golden (1883), except that tha hast of formation of BOSOj la ralaad by 4 kcal mol 1 , aa suggastsd 
by tha work of Mar gi tan (1884). Tha valua of a la estimated. This la not a radical-radical 
reaction and la unlikely to hava a positive valua of m. Tha limit of m “ -2 corresponds to a real 
activation energy of -1 kcal mol 3 . Earlier data Hated in Baulch at al . (1880) and Baulch at al . 
(1882) are noted. Recant work of Martin at al . (1888) and Barnes at al . (l£86a) confirm tha 
currant evaluation. 

23. 0B ♦ Experimental data of Tally (1883), Davis at al . (1873), Howard (1878), Greiner (1870a), 

Morris at al . (1971), and Overend and Paraskevopoloua (1877b) in haUtaa, Atkinson at al . (1977) in 
arson, and Lloyd at al . (1876) and Cox (1973) and Xlaln at al . (1884) In nitrogsn/oxygen mixtures, 
hava bean considered In tha evaluation. This wall-studied reaction is considerably more complex 
than most others In this table. Tha paramtars recommended bars fit exactly tha same curve proposed 
by Xlaln at al . (1984) at 298 X. Discrepancies remain and tha affect of multiple product channels 
is not wall understood. Tha temperature dependence of tha low-pressure limit has not bean determined 
experimentally. Calculations of tha type In Patrick and Golden (1883) yield tha raccamanded valua. 
Tha hich-pxessuxe limit temperature dependence has bean determined by several workers. Almost aH 
obtain negative activation emerges , tha Zellner and Lorenz (1984) valua being equivalent ton - +0. 8 
over tha range (296 < T tX < 324) at about 1 atmosphere. Although this could theoretically arise at 
a result of raversibiUty , tha equilibrium constant is too high for this possibility. If there is 
a product channel that proceeds with a low barrier via a tight transition stats, a complex rate 
constant may yield tha observed behavior. Tha actual addition process (CB + C^H^) may even hava 
a ' positive barrier. Tha reconeended limits encompass the reported valuaa. 

26. CB + CjBj. The rata constant for this complex process has recently bean r a- examined by G. P. Smith 
at al . (1984) In tha temperature rmge from 228 to 1400 X, and in tha praaaura range 1 to 760 to IT. 
Their analysis, which is cast in similar teems to thosa used hare, la tha source of tha rata constants 
and temperature dependnace* at both Halts. Tha nagativa valua of m raflacts tha fact that their 
analysis includes a 1.2 keal/mola barrier for tha addition of CB to . 

Tha data analyzed include those of Pastrana and Carr (1974), Parry at al . (1977), Michael at al . 

— (I960), and Parry and Williams cn (1982). Other data of Wilson and, Westenberg (1967), Eraen and 
Glass (1971), Smith and Zellner (1973), and Davit at al . (1973) ware not Included. - 

Calculations of k via tha methods of Patrick and Golden (1983) yield valuaa coomatible with thosa 

o ..... 

of Smith at al . 

27. CTj * Q Changed from JPL 83-37. Car a Ip at al . (1888) hava measured the rata constant in >2 

between 1 and 10 torr. This supplants tha valua from Caralp and Leaclaux (1983), They recommend 
different per neater a, but tha data era wall represented by tha currently raciw ended valuaa. Data 
of Ryan and Fltnb (1982) are In ag re eme n t. 
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28. CTCI^ ♦ 02 * VaIum for both Lear- and fciih-pruiuri Haiti it 30 0 K art froa Cirilp and Luclaux 
(1983). Tuspiritux* dapondancM ir* romh~— tlaat— -b— od-ao-iiallac mctlaoi. 

29. CCI3 ♦ 0 2 . ViIum for both bar* and hJL*b-pr*nuri Halt* iri frea By* a md Tl'.wb (1984). Thiy uii 
thi t tat format u rtcru mini hiri and nport : 

k 300 (Sa> - <5.8 t 0.8) X 10* 31 , k*°° - 2.5 * ..;' U with t - 0.25. 

We find a good fit to th.lr data uaing P “ 0.8 to yield 

k 300 (He) - * * lo” 31 , keeping k 3D! * - 2.5 x lO -12 . 

The recommended value of k 300 (* 2 ) la 2.5 times tha valua in Ha. 

Taeqparatura dapandancaa ara routh estimates baaad on similar r a action. . A valua of k 333 » 
5 X lo" 12 baa baan reported by Coopar at al . (1080). 

10. CFCl^Oj ♦ 8Qj. Valua. fax both low and high-pressure limits at 300 X frea tesclaux and Car alp 
(1881). Their bath (as was 0^ which la uiuaed to ba equal to Hj in energy transfer characteristic. . 
Temperature dapandancaa ara rough astiaatas baaad cn similar rasctloos. 

31. HS + DO. Data and analysis are from tha recant work of Black at al . (1884). Tha temperature 
dependence of k s has baan estimated. 

32. Ha + 0.. Tha lowpreaauxe limit and tamperatura dependence are taken from the recant paper of 
Silver at al . (1884b). The error lialta ara broadened somewhat. Patrick and Golden (1884a) bsvs 
performed calculations in tha mannar of Patrick and Golden (1983) which yield djj 30 ■ 0.3. 
Tha high-pressure limiting rata constant is an aatiaats by Silver at al . (1884b). 2 Tha error limits 
and tamperatura dependence ara estimated. 

33. HeO + 0 2 _ Haw Entry. Agar and Howard (1986) have measured tha low-r-ssuxe limit at room tarpera- 
tura in aavaral bath taaas. Ihalr valua In Rj - s used in tha racoowandation. They parformad a 
Troa calculation as par Patrick and Golden (1983) to obtain colldaim efficiency and temperature 
dependence. Thsv obtained a high-pressure limit rata constant by uss of a mimpla modal. Tha 
temperature dependence la satlmatsd. 

34. HsO + COj. Haw Entry. Agar and Howard (1986) have measured tha rata constant for this procsss 
in tha ‘'fall-off rsgims. Their lowest prassuras art vary cloaa to tha low-pressure limit. The 
temperature dependence is an estimate. Agar sod Howard calculate tha high-pressure rata constant 
from a simple modal. The tamperatura dependence is an estimate. 

35. HaCS + COj. Haw Entry. Agar sh<f Howard (1887b) have measured tha low-pnuura limiting rata constant. 
Tha temperature dependence la an estimate. Agar and Howard have calculated the high-pressure limit 
using a simple modal. Tha tamperatura dependence la an estimate. 
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EQUILIBRIUM CONSTANTS 


► 


Format 

Some of the three -body reactions in Table 2 form products which are 
thermally unstable at atmospheric temperatures. In such cases the thermal 
decomposition reaction may compete with other loss processes, such as photo- 
_ ..dissociation or radical attack. Table “3 lists the equilibrium constants, 
K(T) , for six reactions which may fall into this category. The table has 
three column entries, the .first two being the parameters A and B which can 
be used to express K(T) : 

K(T)/cm 3 molecule' 1 - A exp(B/T) - (200 < T < 300 K) 

The third column entry In Table 3 is the calculated value of K at 298 K. 

The data sources for K(T) are described in the individual notes to 
Table 3. When values of the heats of formation and entropies of all species 
are known at the temperature T, we note that: 

1 1 AS? AHS 

log[K(T)/cnr molecule *■] - — * - ■ ^ + log T - 21.87 

& 2.303R 2.303RT 


where the superscript "o" refers to a standard state of one atmosphere. 
In some cases K values were calculated from this equation, using thermo- 
chemical data. In other cases the K values were calculated directly from 
kinetic data for the forward and reverse reactions. When available, JANAF 
values were used for the equilibrium constants. The following equations 
were then used to calculate the parameters A and B: 


B/°K 


2.303 


[log 



( 300 x 200 v 
300 - 200 


- 1382 log(K2oo/ K 300^ 
log A - log K(T) - B/2.303 T 



_ ? 
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Table 3. Equilibrium Constants 


Reaction 

A/cm 3 molecule 1 

B±AB/°K 

1^(200 K) 

£(298 Kl* 

Not* 

®2 + "°2 * ®2*°2 

2.1 it 10' 27 

10,90011,000 

1.6xl0' U 

3 

1 

- — - ► 






# NO ♦ H0 2 - * 2 0 3 

3.0 x lo' 27 

4,7001100 

2.1X10* 20 

2 

2 

* »0 2 ♦ no 3 - « 2 o 3 

1.1 X lo' 27 

11.2001300 

2.3xlO* U 

2 

3 

Cl ♦ 0 2 - ClOO 

2.3 X 10* 25 

3,0001750 

5.4X10* 21 

20 

4 

CIO ♦ 0 2 - C10'0 2 

<2.9 x 10' 26 

<3,00011,300 

<5.6xl0' 19 

300 

5 

#_Clp ♦ CIO - C1 2 0 2 

7.9 x lO -27 

0.(0012.500 

~ 2.7xl0' 14 

100 

6 

& F ♦ 0 2 - FOO 

3.3 x 10* 25 

7.600 

6.3X10* 1 * 

- 

7a 


1.1 x lo' 25 

3,600 

1.9X10* 20 

- 

7b 

CHj0 2 * H0 2 - CHj0 2 S0 2 

1.3 x lo' 28 

11,20011,000 

2.7xl0‘ 12 

10 

8 


K/cm 3 molecule -1 - A exp(B/T) [200 < T/K < 3001 

* f(298 K) is the uncertainty st 298 K. To calculate tbs uncertainty at other 

temperatures, usa tha expression: f(T) * f(238 1C) exp(AB | ^ | ). 

T 298 

* Indicates a change from tha previous Panel evaluation (JPL 83-37). 

& Indicates a change in tha note from tha previous evaluation. 

* Indicates a new entry that was not in the previous evaluation. 



NOTES TO TABLE 3 


0 


1. K> 2 ♦ SOj. Th, valua mi obtained by ccMalninf tha data of Sandar and Pataraon (IMA) tor tha 
rata conatant of tha ra action aa written and that of Graham at at . (1977) for tha ravaraa reaction. 

Fran tha equilibria conatant, it may ba inferred that tha thermal decomposition of H0 2 M0 2 la 
uniafxirtant in tha atratoaphara, but ia iapartant in tha tropoaphere. 

2. HO ♦ K> 2 . The data are from JAM AT. Thia procaaa ia included bacauaa a recant maaauraaaent of tha 
rata conatant by Smith and Yarwood (IMS) a how* that it ia too alow to ba an important rata procaaa, 
but there will ba aama equilibria concentration present. 


3. HOj a HOj. Mot* chanced from JPL 83-37. Secant naeauramanta and a re-evaluation of the entropy of 
HOj lead to a slightly' altered value. Burrows' at al . (1935c), taking their data and those of Graham 
and Johnaton (1978) and the room taaq>aratura data of Pa roar at al . (1983), have performed a "3rd law” 
fittlnc that yields tha recaaaanded parameters. Thus* values are wall within the renja of measurement* 
of firebar at al . (198*), luaron at el . (1983) and Saith at al . (1983). 


- -*.— Cl ♦ 0 2 . Cor at al . (1979) measured S at 298 K. Their reported value erf— (57* ± 2.6 * 10* 21 cm 3 
molecule . whan cochloed with JAXAF value* for tha entropy chan* a , fives AH £ (298) (C10 2 ) ■ 22.3 
kcal/mol 1 . This is in excellent afreement with Ashford at al . (1978), who suffest AH, (298) (CIO.) - 

-1 Li 

22.5 ± .3 kcal/mol The expression of Coz et al . ia: 

X - 3.71 z 10" 28 T •xp(3217/T). 


5. CIO + 0, 


2 * 


Zellnar (private c (Terrain i cation, 1982) suggests X < 12 a La 1 sndAH Z *11 kcal/mol. Tha 

A higher valua of X has basn 


c or ra spending valua of A leads to S 300 (CIO *0-) 


-73 cal tool' 1 X -1 . 


to be about 83 cel mol” 1 X* 1 , which sea 


uar easonably- high . 
experiments. 


Carter and Andrews (1981) found no axperimentsl evldsnca for CIO’O^ in matrix 


6. CIO + CIO. This equilibriua constant is not wall established. The quoted valua is based primarily 
on the work of Coz arvd co-workars (Coz and Derwent, 1979 and Dayman at al. , 1986). Tha corrasponding 
entropy of the dimer is 76 csl mol 1 X * and AH is *17.6 kcal mol 

7. F + 0 2 . (a) From JAXAF thermochamlcal values. (This value favored by k Q calculation, sea Hote 18, 

Table 2.) (b) From Benson's (1976) thexnocheodcal values. Walling ton et al . favor the Benson valua 
for F0 2 , based on tha indapendance of 90^ on diluent gas (l.s. H 2 , 0 2 ) whan making 90^ by F ♦ HWO^. 
Tha conclusion is that F ♦ 0 2 “ F0 2 ia a fast aquilibriuo; they concluda that tha Benson value is 
correct. However, tha valua of the low-pressure rate conatant favors tha JAXAF value (Patrick and 
Golden. 1983). 


8. CH 3 0 2 + H0 2 . Thennochamical values st 300 X for CH 3 0290 2 and are from Baldwin (1982). 

In the absence of data, AH° and AS° ware assumed to ba independent of temperature. Bahta et el . 
(1982) have measured k( dissociation) at 263 X. Using tha values of k( rec o mbi n ation) suggested in 
this evaluation, they coapute X(263) • (2.66 ± 0.26) z 10 10 cm 3 . Our values predict 3.94 z 10~ 10 
cm 3 , in good agrsraent.. 


iJ 
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PHOTOCHEMICAL. DATA 


Discussion of Foraat and Error Estiaatca 

In Table 4 we present a list of photochemical reactions considered to 
be of stratospheric interest. The absorption cross sections of 0 2 and 0 3 
largely determine the extent of penetration of solar radiation into the 
stratosphere ~ahd~ troposphere . Some consents and references to these cross 
sections are presented in the text, but only a saaple of the data are listed 
here.* (See, for example, WHO Report #11, 1982; VKO-NASA, 1985.) The photo- 
dissociation of HO in the 0 2 Schumann -Runge band spectral range is another 
-important process - requiring special treatment and is not discussed in 
this evaluation (see, for example, Frederick” and "HudsonT 1979; Allen and 
Frederick, 1982; and WMO Report #11, 1982). 

For some other species having highly structured spectra, such as CS 2 
and S0 2 , some comments are given in the text, but the photochemical data 
are not presented. The species CH 2 0, N0 2 , NO 3 and 0C10 also have compli- 
cated spectra, but In view of their importance for atmospheric chemistry a_ 
saaple of the data is presented in the evaluation; for more detailed informa- 
tion on their high- resolution spectra and temperature dependence, the reader 
is referred to the original literature. 

Table 5 gives recommended reliability factors for some of the more 
important photochemical reactions. These factors represent the combined 
uncertainty in cross sections and quantum yields, taking into consideration 
the atmospherically important wavelength regions, and they refer to the 
total dissociation rate regardless of product identity (except in the case 
of 0(*D) production from photolysis of O 3 ). 
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Table 4. Photochemical Reactions of Stratospheric Interest 


& 0 2 + hi/ •♦ 0+0 

* Oj + hi/ — O 2 + 0 

Oj + hi/ — O 2 + O(^D) 

* HO 2 + hi/ -* products 

- H 2 0 Vhi/'- H +~0H (1) 

H 2 0 2 + hi/ - OH + OH 
NO + hi/ - N + O 

* N0 2 + hi/ - NO + 0 

* NO 3 + hi/ - products 
N 2 0 + hi/ - N 2 + O^D) 

N 2 O 5 + hi/ - products 

NH 3 + hi/ - NH 2 + H (1) 

HN0 2 + hi/ - OH + NO 

HN0 3 + hi/ - OH + N0 2 

HNO^ + hi/ - products 

Cl 2 + hi/ — Cl + Cl 

CIO + hi/ - Cl + 0 

C100 + hi/ - products 

* 0C10 + hi/ - 0 + CIO 
CIO 3 + hi/ - products 

* CI 2 O 2 + hi/ - products 
HC1 + hi/ - H + Cl 

H0C1 --OH-+ Cl 

* C1N0 + hi/ - Cl + NO 
C1N0 2 + hi/ - products 
C10N0 + hi/ - products 
CIONO 2 + hi/ — products 


CCl^ + hi/ - products 
CCI 3 F + hi/ — products 
CC 1 2 F 2 + hi/ — products 
CHCIF 2 + hi/ — products 
CH 3 CI + hi/ — products 
CCI 2 O + hi/ — products 
CC1F0 + hi/ — products 
CF 2 0 + hi/ — products 
CH 3 CCI 3 + hi/ - products 

# CBrClF 2 + hi/ - products 

# CBrF 3 ~+ hi/ — products - 
BrO + hi/ - Br + O 
BrON0 2 + hu — products 
HF + hi/ - H + F 

CO + hi/ - C + 0 (1) 

C0 2 + hi/ — CO + 0 (1) 

CH 4 + hi/ - products ( 2 ) 

CH 2 0 - products 

CH 3 OOH + hi/ — products 

HCN + hi/ — products 

CH 3 CN + hi/ — products 

S0 2 + hi/ — SO + 0 

OCS + hi/ - CO + S 

H 2 S + hi/ - HS + H (2) 

CS 2 + hi/ — products' 

# NaCl + hi/ - Na + Cl 
NaOH + hi/ - Na + OH 


(1) Hudson and Kieffer (1975) 

(2) Turco (1975) 

# New entry 

* Indicates a change In the recommendation from the previous evaluation. 
& Indicates a change In the note. 
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Table 5. Combined Uncertainties for Cross Sections and 
Quantum Yields 


Species 


Uncertainty 


0 2 (Schunann-Runge bands) 1.4 

' 0 2 (Contimia) — 1.3 

0 3 1.1 

0 3 -* O^D) .. . . ... 1.4. 

N0 2 1.3 

N0 3 . _ ■ _ _ . 2.0 

N 2 0 ~ ' L^Z 

N 2 0 5 2.0 

H 2 0 2 1.4 

HN0 3 1.3 

H0 2 N0 2 2.0 

CH 2 0 1.4 

HC1 1.1 

H0C1 1.4 

C10N0 2 1.3 

CC1 4 " 1.1 

CC1 3 F 1.1 

CC1 2 F 2 1.1 

CH 3 C1 1.1 

CF 2 0 2.0 

CH 3 OOH 1.4 

Br0N0 2 1.4 
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The absorption cross sections are defined by the following expression 


of Beer's Law: 


I “ I 0 exp(-<ml), 


where i Q and I are the incident and transmitted light intensity, respectively; 
a is the absorption cross section in cm^ molecule"^; n is the concentration 
in molecule ca , and 1 is the pathlength in cm. The cross sections are 
room temperature values at the specific wavelengths listed in the tables, 
and the expected photodissociation quantum yields are unity, unless otherwise 
stated. 


O 2 + hv **0+0 

The photodissociation of molecular oxygen in the stratosphere is due 
primarily to absorption of solar radiation in the 200-220 nm wavelength 
region, i.e., within the Herzberg continuum. The 185-200 nm region--the 
O 2 Schumann -Runge band spectral range- -is also very important, since solar 
radiation penetrates efficiently into the stratosphere at those wavelengths. 

Frederick and Mentall (1982) and Herman and Mentall (1982) have estimated 
O 2 absorption cross sections from balloon measurements of solar irradiance 
in the stratosphere. The latter authors find the cross sections in the 
200-210 nm range to be -35S smaller than the smallest of the older laboratory 
results, which are those of Shardanand and Prasad Rao (1977). There are 
three recent laboratory studies (Johnston et al . , 1984; Chueng et al . , 
1984; Jenouvrier et al . , 1986) which confirm the lower values obtained from 
solar irradiance measurements. There is also, however, a study of the 
penetration of stellar UV radiation into the stratosphere which agrees 
better with the higher O 2 cross section values (Pirre et al . , 1984) . 
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The attenuation of solar radiation in the Schumann-Runge wavelength 
region is a problem requiring special treatment due to the rotational 
structure of the bands; see, for example, Hicolet and Peetermans (1980); 
Frederick and Hudson (1980) ; and Allen and Frederick (1982) . The effective 
O2 cross sections obtained from solar irradiance measurements in the 
stratosphere by Herman and Mentall (1982) axe in good agreement between 187 
and 195 nm with the values reported by Allen and Frederick (1982) , which 
were obtained by an empirical fit to the effective cross sections appropriate 
for stratospheric conditions. Between 195 and 200 na the fit yielded values 
which- are somewhat larger than those estimated by Herman and Mentally 

The studies of the penetration of solar radiation in the atmosphere in 
the Schumann-Runge wavelength region have been based so far on laboratory 
measurements of cross sections which were affected by instrumental parameters 
due to insufficient spectral resolution. Yoshino et al . (1983) have reported 
high resolution O2 cross section measurements at 300 K, between 179 and 
202 nm, obtaining presumably the first set of results which is independent 
of the instrumental width. The Schumann-Runge cross sections are tempera- 
ture-dependent, so that additional studies will be required- in order to 
carry out detailed atmospheric modeling calculations. Furthermore, for 
estimates of the solar irradiance in the stratosphere the cross section 
values which need to be accurately known are those at the wings of the 
rotational lines and in the. underlying continuum, and these are several 
orders of magnitude smaller than the peak values. 

Oj + hi/ •* 0 + O2 

The O3 absorption cross sections and their temperature dependence have 
been remeasured recently by several groups. For a review see WM0-NASA, 
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1985; Table 6 Uses a sample of Che data taken from this review, namely 

Che 273 K cross section values averaged over Che wavelength intervals 

commonly employed in modeling calculations, except for the wavelength range 

185 to 225 nm, where the present recommendation incorporates the averaged 

values from the recent work of Molina and Molina (1986) ; the older values 

were based on the_work of Inn and Tanaka. (1953) . — The_temperature effect is 

negligible for wavelengths shorter than -260 nm. Recent work by Mauersberger 

et al - (1986, 1987) yields a value of 1137 x 10*20 cm^ for the cross section 

at 253.7 nm, the mercury line wavelength; it is about IX smaller than the 

20 2 

commonly accepted value of 1147 x 10* £ enr reported by Hearn (1961), and 
about 2X smaller than the value obtained by Molina and Molina (1986), 1157 - 
x 10*^0 Cffl 2 the reason f or the small discrepancy, which appears to be 
beyond experimental precision, is unclear. 

The quantum yields for 0(^D) production, $(0^D), for wavelengths 
near 310 nm--i.e., the energetic threshold or fall-off region--have been 
measured mostly relative to quantum yields for wavelengths shorter than 
300 nm, which were assumed to be unity. There are several studies which 
indicate that this assumption is not correct: Fairchild et al . (1978) 

observed approximately 10X of the primary photolysis products in the 
ground state channel, that is, 4(0^P) — 0.1, at 274 nm; Sparks et al . 
(1980) also report 4(0^?) -0.1, at 266 nm; according to Brock and Watson 
(1980b) 4(0^D) - 0.88 at 266 nm; Amimoto et al . (1980) report $(0^D) - 0.85 
at 248 nm, and Wine and Ravishankara (1982) measured directly <S(0^D) - 0.9 
at 248 nm. There are also some indications that $(0^D) decreases slightly 
between 304 and 275 nm (see Brock and Watson, 1980a, b). 
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Table 6. 

Absorption Cross 

Sections of O3 at 

273 K 

A 

10 20 a(cm 2 ) 

A 

10 20 a(cm 2 ) 

(nm) 

average 

(nm) 

average 

175.439-176.991 

81.1 

238.095-240.964 

797 

176.991-178.571 

79.9 

240.964-243.902 

900 

178.571-180.180 

78.6 ... 

. 243 . 902-246-914 

1000 

180.180-181.818 

76.3 

246.914-250.000 

1080 

181.818-183.486 

72.9 

250.000-253.165 

1130 

183.486-_185.185 

68.8 

253.165-256.410 

- 1150 --- 

185.185-186.916 

62.2 

256.410-259.740 

1120 

186.916-188.679 

57.6 

259.740-265.158 

1060 

188.679-190.476 

52.6 " 

263.158-266.667 

965 

190.476-192.308 " 

47.6 

266.667-270.270 

834 

192.308-194.175 

42.8 

270.270-273.973 

o92 

194.175-196.078 

38.3 

273.973-277.778 

542 

196.078-198.020 

34.7 

277.778-281.690 

402 

198.020-200.000 

32.3 

281.690-285.714 

277 

200.000-202.020 

31.4 

285.714-289.855 

179 

202.020-204.082 

32.6 

289.855-294.118 

109 

204.082-206.186 

36.4 

294.118-298.507 

62.4 

206.186-208.333 

43.4 

298.507-303.030 

34.3 

208.333-210.526 

54.2 

303.030-307.692 

18.5 

210.526-212.766 

69.9 

307.692-312.5 

9.80 

212.766-215.054 

92.1 

312.5-317.5 

5.01. 

215.054-217.391 

119 

317.5-322.5 

2.49 

217.391-219.780 

155 

322.5-327.5 

1.20 

219.780-222.222 

199 

327.5-332.5 

0.617 

222.222-224.719 

256 

332.5-337.5 

0.274 

224.719-227.273 

323 

337.5-342.5 

0.117 

227.273-229.885 

400 

342.5-347.5 

0.0583 

229.885-232.558 

483 

347.5-352.5 

0.0266 

232.558-235.294 

579 

352.5-357.5 

0.0109 

235.294-238.095 

686 

357.5-362.5 

0.00549 
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The recommendation for the quantum yields in the fall -off region is 
given in Table 7, and is taken from the mathematical expression given by 
Moortgat and Kudzus (1978), scaled down by a factor of 0.9 to account for 
the absolute magnitude of $(0^D) at short wavelengths. The relative values 
are in good agreement with chose reported by Brock and Watson (1980a). 

Table 7. Mathematical Expression for 0(^D) Quantum Yields, $, 

in the Photolysis of Oj 

*(A,T) - A(r) arctan[B(r)(A-A 0 (r))] + C(r) 

where r - T - 230 is a -temperature -function, with T given in Kelvin; 

A is the wavelength in nm, and arc tan is expressed in radians. 

The coefficients A(r) , B(r) , A Q (r) and C(r) are expressed as 
interpolation polynomials of the third order: 

A (r) - 0.332 + 2.565xl0* 4 r + 1.152xl0' 5 r 2 + 2.313xl0* 8 r 3 
B(r) - -0.575 + 5.59xl0' 3 r -1.439xl0‘ 5 r 2 - 3.27xlO' 8 r 3 
A 0 (r) - 308.20 + 4.4871xl0’ 2 r + 6.9380xl0’ 5 r 2 - 2^5452x10' 6 r 3 
C(r) - 0.466 + 8.883xl0* 4 r - 3.546xl0* 5 r 2 + 3.519xl0‘ 7 r 3 . 

In the limit where $(A,T) > 0.9, the quantum yield is set * - 0.9, and 
similarly for $(A,T) < 0, the quantum yield is set * - 0. 


H0 2 + hi/ - OH + 0 

The absorption cross sections of the hydroperoxyl radical, H0 2 , in the 
200-250 nm region have been measured at room temperature by Paukert and 
Johnston (1972), Hochanadel et al . (1972; 1980), Cox and Burrows (1979), 
McAdam et al . (1987) , and Kurylo et al . (1987a) ; and by Sander et al . (1982) 
at 227.5 nm. 
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There are significant discrepancies in the shape of the spectrum as 
well as in the absolute cross section values; at 227.5 nm, the value ranges 
from 250 to 309 x 10** u cm V a °l e cule , the average of all measurements 
being 269 x 10"^® cm^/molecule . 

Table 8 lists the recommended cross sections, which are computed from 
the mean of the five sets of reported values.- This recommendation'is given 
here merely to indicate that photolysis of HO 2 in the stratosphere and 
troposphere is not an important process and can be neglected.- However, for 
chemical kinetics studies the simple average presented here need not be the 
best choice and the most suitable cross_ section values to be used should be 
considered on a case-by-case basis. 

Lee (1982) has detected 0(^D) as a primary photodissociation product 
at 193 and at 248 nm, with a quantum yield which is about 15 times larger 
at the longer wavelength. The absolute quantum yield for 0(^D) production 
has not been reported yet. 


Table 8. Absorption Cross Sections of HO 2 


A(nm) 10^®o(cm^) 


200 

430 

210 

430 

220 

360 

230 

240 

240 

120 

250 

50 


100 
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Table 10 lists a sample of the the recommended absorption cross sec- 
tions of nitrogen dioxide, taken from the work of Bass et al . (1976), who 
report extinction coefficients every 1/8 nm between 185 and 410 nm at 298 
K, and between 290 and 400 nm at 235 K. For atmospheric photodissociation 
calculations which require cross section values averaged over appropriate 
wavelength intervals the original literature report should be consulted; 
Table 10 lists the values only at the indicated wavelengths. 

Recent cross section measurements by Schneider et al . (1987) give 
results which are 2-3Z smaller than those of Bass et al . around 375-395 nm, 
which is the most important wavelength region for atmospheric photodissocia- 
tion, but which are larger by as much as 20-25Z around 270 nm and around 
200 nm where the experimental measurements are more difficult. Furthermore, 
measurements by Calvert et al . (private communication) indicate that the 
temperature effect on the cross sections is significantly smaller than 
reported by Bass et al . (1978) . The discrepancies are probably due to 
inaccuracies in the correction required to account fcr the presence of 
N 2 O 4 in the absorption cells. 

Harker et al . (1977) have reported measurements of absorption cross 
sections and quantum yields in the 375-420 nm region. Their cross sections 
are 4-10Z larger than the values reported by' Bass et al . (1976), and their 
quantum yields are, on the average, about 15Z smaller than those measured 
by Jones and Bayes (1973) . The measurements of the quantum yields by Daven- 
port (1978) at six different wavelengths agree wall with those of Harker 
et al . , and they indicate that the quantum yields themselves are temperature 
dependent. Direct measurements of the solar photodissociation rate of NO 2 
in the troposphere by Parrish et al . (1983) agree better with theoretical 




Table 10. 

HO2 Absorption Cross 

Sections 

at 235 and 298 

K 

X 

<M 

8 

s/ 

0 

O 

OJ 

O 

H 

X 

10 20 a(cm 2 ) 

(nm) 

235 K 298 K 

(nm) 

235 K 

298 K 

185 

26.0 

300 

10.9 

11.7 

190 

__ 29.3 

_ 305 

16.7 

16.6 

195 

24.2 

310 

18.3 

17.6 

200 

25.0 

315 

21.9 

22.5 

205 

37.5 - 

320 

23.5 

.25.4 

210 

38.5 

325 

25.4 

27.9 

215 

40.2 

330 

29.1 

29.9 

220 

39.6 

335 

31.4 

34.5 

225 

32.4 

340 

32.3 

38.8 

230 

24.3 

345 

34.3 

40.7 

235 

14.8 

350 

31.1 

41.0 

240 

6.70 

355 

43.7 

51.3 

245 

4.35 

360 

39.0 

45.1 

250 

2.83 

365 

53.7 

57.8 

255 

1.45 

370 

48.7 

54.2 

260 

1.90 

375 

50.0 

53.5 

265 

2.05 

380 

59.3 

59.9 

270 

3.13 

385 

57.9 

59.4 

275 

4.02 

390 

54.9 

60.0 

280 

5.54 

395 

56.2 

58.9 

285 

6.99 

400- 

' 66.6 

67.6 

290 

6.77 8.18 

405 

59.6 

63.2 

295 

8.52 9.67 

410 

53.2 

57.7 
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calculations that incorporate the quantua yield values of Jones and Kayes 
(1973) rather than those of Barker et al . (1977). 

The previous recommendation for quantua yields was based on the work 
of Barker et al . (1977) and of Davenport (1978) for the atmospherically- 
important 375-470 na region. Recent work by Gardner et al . (1987) yields 
values which are in much better agreement with the values reported earlier 
by Jones and Bayes (1973). The recommended quantua yield values, listed in 
Table 11, are in agreement with the recommendation of Gardner et al . (1987); 
they are based on a smooth fit to the data of Gardner et al . (1987) for the 
wavelength range_from 334 to 404 nm; Harker et al . (1977) for 397-420 na 
(corrected for cross sections); Davenport (1978) for 400-420 na; and Jones 
and Bayes (1973) for 297-412 na. 

N0 3 + hu - NO + 0 2 ($x) 

- no 2 + o (* 2 ) 

The absorption cross sections of the nitrate" free radical, N0 3 , have- 
been studied by (1) Johnston and Graham (1974); (2) Grahaa and Johnston 
(1978); (3) Mitchell et al . (1980); (4) Marinelli et al . (1982); (5) Ravi- 
shankara and Wine (1983); (6) Burrows et al . (1985b); (7) Ravishankara and 
Mauldin (1986); (8) Sander (1986); and (9) Cantrell et_al^_ (1987) . The - 1st 
and 4th studies required calculation of the N0 3 concentration by modeling 
a complex kinetic system. The other studies are more direct and the results 
in terms of integrated absorption coefficients are in good agreement. The 
recommended values at 298 K are the averages of the results of Ravishankara 
and Wine (1983) and Sander (1986). Table 12 lists a sample of these values; 
the original literature should be consulted for a more extended wavelength 
range, and for values at other temperatures. The effects of secondary 
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Table 11 . Quantum 


A,n» 

« 

< 285 

1.00 

290 

0.999 

295 

0.998 

300 

0.997 

305 

0.996 

310 

0.995 

315 

0.994 

320 

0.993 

325 

0.992 

330 

-0.991 

335 

0.990 

340 

0.989 

345 

0.988 

350 

0.987 

355 

0.986 

360 

0.984 

365 

0.983 

370 

0.981 

375 

0.979 

380 

0.975 

381 

0.974 

382 " 

' ' ' 0.973 

383 

0.972 

384 

0.971 

385 

0.969 

386 

0.967 

387 

0.966 

388 

0.964 

389 

0.962 

390 

0.960 

391 

0.959 

392 

0.957 


J 
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for NO 2 Photolysis 


X,tm 

« 

393 

0.953 

394 

0.950 

395 

0.942 

396 

0.922 

397 

0.870 

398 

0.820 

399 

0.760 

400 

0.695 

401 

0.635 

402 

0.560 

403 

0.485 

404 

0.425 

405 

0.350 

406 

0.290 

407 

0.225 

408 

0.185 

409 

0.153 

410 

0.130 

411 

0.110 

412 

0.094 

413 

0.083 

414 

*” ... 0.070 

415 

0.059 

416 

0.048 

417 

0.039 

418 

0.030 

419 

0.023 

420 

0.018 

421 

0.012 

422 

0.008 

423 

0.004 

424 

0.000 




Table 12. Absorption Cross Sections of NOj at 298 K 



.V^* 


1 



X 

(nm) 

10 20 a 

(cm 2 ) 

X 

(nm) 

10 20 cr 

(cm 2 ) 

X 

(nm) 

10 20 a 

(cm 2 ) 

600 

261 

625 

804 

648 

61 

— 601 

266 - 

626 - 

710- 

649 

- 52 

602 

305 

627 

722 

650 

50 

603 

354 

628 

709 

651 

53 

604 - - 

417 

"629 

679 

- 652 

56 

605 

419 

630 

644 

653 

62 

606 

325 

631 

475 

654 

77 

607 

227 

_ .632 

348 

655 

_94__ 

608 

172 

633 

196 

656 

133 

609 

155 

634 

144 

657 

174 

610 

194 

635 

129 

658 

224 

611 

173 

636 

161 

659 

360 

612 

204 

637 

193 

660 

665 

613 

244 

638 

195 

661 

1320 

614 

245 

639 

164 

662 

202(1 

615 

212 

640 

122 

663 

1760 

616 

192 

641 

100 

664 

1120 

617 

191 

642 

92 

665 

760 

618 

210 

643 

94 

666 

468 

- 619 

- 231 - 

644 

93 . 

667- 

257 

620 

295 

645 

86 

668 

165 

621 

455 

646 

73 

669 

114 __ 

622 

950 

647 

70 

670 

86 

623 

1420 





624 

1150 
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chemistry were minimized in these two studies by working with short time 
scales and direct titration of the radicals, but some unexplained discrepancy 
of up to 20X remains. The recommended peak cross section value around 662 
nm is 2.1 x 10‘ 17 cm^ at 298 K, and 2.7 x 10' 17 at 220 K, as computed 
from the average of the studies by Ravishankara and Mauldin (1986) and 
Sander (1986) ; within experimental error, the variation is linear with 
temperature. Note, however, that Cantrell et al . (1987) find no measurable 
temperature effect on the peak cross section; the reason is not clear. 

The quantum yields and *2 have been measured by Graham and Johnston 
(1978) , and under higher resolution by Magnotta and Johnston (1980), who 
report the product of the cross section times the quantum yield in the 400 
to 630 nm range. The total quantum yield value + $2 computed from 
the results of this latter study and the cross sections of Graham and Johnston 
(1978) are above unity for A <610 nm, which is, of course, impossible; 
hence, there is some systematic error and it is most likely in the primary 
quantum yield measurements. Magnotta and Johnston (1980) and Marinelli 
et al . (1982) have discussed the probable sources of this error, but the 

question remains to be resolved and further studies are in order. At 
present, the recommendation remains_ unchanged, namely, to use the following 
photodissociation rates estimated by Magnotta and Johnston (1980) for over- 
head sun at the earth's surface: 

J 1 (N0 0 2 ) - 0.022 s' 1 

J 2 (N0 2 + 0) - 0.18 s' 1 . 



N 2 0 + hv - N 2 + 0( 1 D) 

The recommended values are taken from the work of Selwyn et al . (1977), 
who measured the temperature dependence of the absorption cross sections in 
the atmospherically relevant wavelength region. They have fitted their 
data with the expression shown in Table 13; Table 14 presents the room 
temperature data. Hubrich and Stuhl (1980) remeasured the N 2 0 cross sections 
at 298 K and 208 K, and their results are in very good agreement with those 
of Selwyn et al . 

/~ Table 13. Mathematical Expression for Absorption Cross 

Sections of N 2 0 as a Function of Temperature 

In ff(A,T) - A L + A 2 A + A 3 A 2 + A 4 A 3 + AgA 4 

+ (T-300)exp(B 1 + B 2 A + B 3 A 2 + B 4 A 3 ) 

where T: temperature, Kelvin; A : nm 

A l - 68.21023 B l - 123.4014 

A 2 - -4.071805 B 2 - -2.116255 

A 3 - 4.301146 x 10* 2 B 3 - 1.111572 x 10‘ 2 

A 4 - -1.777846 x 10* 4 B 3 - -1.881058 x 10' 5 

A 5 - 2.520672 x 10' 7 
Range: 173 to 240 nm; 194 to 320 K 
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Table 14. AbsorpCion Cross Sections o£ N 2 O at 298 K 



X 

(nn) 

1020* 

(cm 2 ) 

X 

(xua) 

1020* 

(cm 2 ) 

X 

(nm) 

10 2 0* 

(cm 2 ) 

17 3_ 

_ 11. 3_ 

196 

6.82 

2W 

0.115 

174 

11.9 

197 

6.10 

220 

0.0922 

175 

12.6 

198 

5.35 

221 

0.0739 

176 

. 13.4 

199 . 

.4.70 

222 

0.0588 

177 

14.0 

200 

4.09 

223 

0.0474 

178 

13.9 

201 

3.58 

224 

0.0375 

179 

-- 14.4 

202 

3.09 

225 - 

0.0303 

180 

14.6 

203 

2.67“ 

' 226 

"0.0239 

181 

14.6 

204 

2.30 

227 

0.0190 

182 

14.7 

205 

1.95 

228 

0.0151 

183 

14.6 

206 

1.65 

229 

0.0120 

184 

14.4 

207 

1.38 

230 

0.00955 

185 

14.3 

208 

1.16 

231 

0.00760 

186 

13.6 

209 

0.980 

232 

0.00605 

187 

13.1 

210 

0.755 

233 

0.00478 

188 

12.5 

211 

0.619 

234 

0.00360 

189 

11.7 

212 

0.518 

235 

0.00301 

190 

11.1 

213 

0.421 

236 

0.00240 

191 

10.4 

214 

0.342 

237 

0.00191 

192 

9.75 

215 

0.276 

238 

0.00152 

193 

8.95 

216 

0.223 

239 

0.00123 

194 

8.11 

217 

0.179 

240 

0.00101 

195 

7.57 

218 

0.142 
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N 2 O 5 + hy -* products 

The absorption cross sections of dinitrogen pentoxide, N 2 O 5 , have 
been measured at room temperature by Jones and Wulf (1937) between 285 and 
380 run, by Johnston and Graham (1974) between 210 and 290 nm, by Graham 
(1975) between 205 and 380 nm; and for temperatures in the 223 to 300 K 
range by Yao et al . (1982), between 200 and 380 nm. The agreement is good, 
particularly considering the difficulties in handling N 2 O 5 . The recom- 
mended cross section values, listed in Table 15, are taken from Yao et al . 
(1982) ; for wavelengths shorter than 280 nm there is little or no tempera- 
ture -dependence, -and between 285 and 380 the temperature effect is best 
computed with the expression listed at the bottom of Table 15. 

There are now several studies on the primary photolysis products of 
N 2 O 5 : Swanson et al . (1984) have measured the quantum yield for 

, production at 249 and at 350 nm obtaining a value close to unity, a result 

consistent with the observations o£ Burrows et al . (1984b) for photolysis at 

*3 

254 nm. Barker et al . (1985) report a quantum yield for 0( P) production 
at 290 nm of less than 0.1, and near unity for NO 3 . For 0-atom production 
Margitan (private communication, 1985) measures a quantum yield value of 

— 0.35 at 266 nm, and Ravishankara et al . (1986)' report values of 0.72, 0.33, 

0.21 and 0.15 at 248, 266, 287 and 289 nm, respectively, with a quantum yield 
near unity for NO 3 production at all these wavelengths. It appears, then, 
that NO 3 is produced with unit quantum yield while the 0-atom and hence the 
NO yield increases at shorter wavelengths with a consequent decrease in the 
N0 2 yield. 
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Table 15. Absorption Cross Sections of N2O5 


A(nm) 

10 20 o(cm 2 ) 

A(nm) 

10 2 ®o(cm 2 ) 

200 

920 

245 

52 

205 

820 

250 

40 

.. 210 . . _ 

. 560 

255 

32 

215 

370 

260 

26 

220 

220 

265 

20 

225 - 

144 

270 

16.1 

230 

99 

275 

13.0 

235 

77 

280 

11.7 

240 

62 ' 

- - 


- — - - 

-- • - - 


- - - 


For 285 ran < A < 380 run; 300 K > T > 225 K: 

10 20 <7 - exp [2. 735 + <(4728.5 - 17.127 A)/T)] 

where a is in cm 2 /molecule ; A in nm; and T in Kelvin. 


H0N0 + hi/ -* HO + NO 

The ultraviolet spectrum of H0N0 between 300 and 400 nm has been 
studied by Stockwell and Calvert (1978) by examination of its equilibrium 
mixtures with NO, NO2, H2O, N2O3 and N2O4; the possible interferences by 
these compounds were taken into account. The recommended cross sections, 
taken from this work, are listed in Table 16. 

HN0 3 + hi/ - OH + N0 2 

The recommended absorption cross sections, listed in Table 17, are 
taken from the work of Molina and Molina (1981) . These data are in good 
agreement throughout the 190-330 nm range with the values reported by Biaume 
(1973). They are also in very good agreement with the data of Johnston and 
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Table 16. HONO Absorption Cross Sections 


X 

(na) 

10 2 °e 

(cm 2 ) 

X 

(nm) 

10 2 °o 

(cm 2 ) 

X 

(nm) 

10 20 <7 

(cm 2 ) 

310 

0.0 

339 

16.3 

368 

45.0 

311 

0.0 

340 

10.5 

369. 

29. 3_ 

312 

0.2 

341 

8.70 

370 

11.9 

313 

0.42 

342 

33.5 

371 

9.46 

314 

0.46 

343 

20.1. . 

.372 

- 8.85 

315 

0.42 

344 

10.2 

373 

7.44 

316 

0.3 

345 

8.54 

374 

4.77 

— 317 

0.46 

- -346 

8.32 

375 

2.7 “ 

” 318" 

3.6 

347 

8.20 

376 

1.9 

319 

6.10 

348 

7.49 

377 

1.5 

320 

2.1 

349 

7.13 

378 

1.9 

321 

4.27 

350 

6.83 

379 

5.8 

322 

4.01 

351 

17.4 

380 

7.78 

323 

3.93 

352 

11.4 

381 

11.4 

324 

4.01 

353 

37.1 

382 

14.0 

325 

4.04 

354 

49.6 

383 

17.2 

326 

3.13 

355 

24.6 

384 

19.9 

327 

4.12 

356 

11.9 

385 

19.0 

328 

7.55 

357 

9.35 

386 

11.9 

329 

6.64 

358 

7.78 

387 

5.65 

' 330 

7.29 

359 

7.29 

388 

3.2 

331 

8.70 

360 

6.83 

389 

1.9 

332 

13.8 

361 

6.90 

390 

1.2 

333 

5.91 

362 

7.32 

391 

0.5 

334 

5.91 

363 

9.00 

392 

0.0 

335 

6.45 

364 

12.1 

393 

0.0 

336 

5.91 

365 

13.3 

394 

0.0 

337 

4.58 

366 

21.3 

395 

0.0 

338 

19.1 

367 

35.2 

395 

0.0 
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Grahaa (1973) except towards both ends of the wavelength range. Okabe 
(1980) has measured the cross sections in the 110-190 no range; his results 
are 20-302 lower than those of Biaume and of Johnston and Grahaa around 
185-190 nm. 

Johnston et al . (1974) measured a quantum yield value of -l„for the 
OH + NO2 channel in the 200-315 nm range, using end product analysis. The 
quantum yield for O- atom production at 266 nm has been measured to be 0.03, 
and that for H-atom production less than 0.002, by Margitan and Watson (1982) , 
who looked directly for these products using atomic resonance fluorescence. 
Jolly et al . (1986) measured a quantum yield for OH production of 0.89 T 0.08 
at 222 nm. 


Table 17. Absorption Cross Sections of HNO3 Vapor 


A 

(nm) 

10 2 Jcr 

(cm 2 ) 

A 

(nm) 


10 20 a 

(cm 2 ) 

190 

1560 

260 


1.88 

195 

1150 

265 


1.71 

200 

661 

270 


1.59 

205 

293 

275 


1.35 

210 - - 

- 105 

280 

— 

1.10 

215 

35.6 

285 


0.848 

220 

15.1 

290 


0.607 

225 

8.62 

295 


0.409 

230 

5.65 

300 


0.241 

235 

3.72 

305 


0.146 

240 

2.57 

310 


0.071 

245 

2.10 

315 


0.032 

250 

1.91 

320 


0.012 

255 

1.90 

325 


0.005 



330 


0.002 
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HO 2 NO 2 + hi/ -» products 


There are 

four studies of the UV 

spectrum 

of HO 2 NO 2 vapor: Cox and 

Patrick (1979), 

Morel 

et al. (1980) . Graham et 

al. (1978b) and Molina and 

Molina (1981). 

The latter two studies 

are the 

only ones covering the gas 

phase spectrum 

in the critical wavelength range for atmospheric photo- 

dissociation, that is, wavelengths, longer than 

. _29Q_nm. The recommended 

values, listed 

in Table 18 are taken 

from the 

work of Molina and Molina 

(1981), which _is the more direct study 

The temperature dependence of the 

cross sections 

at these longer wavelengths 

remains to be determined. 

MacLeod et al . 

(1987) 

report that photolysis at 

248 nm yields one third OH 

and NO 3 and two 

thirds 

ho 2 + no 2 . 

" " 

- — 

Table 18. 

Absorption Cross 

Sections 

of HO 2 NO 2 Vapor 


A 

10 20 a 

A 

10 20 o 


(run) 

(cm 2 ) 

(nm) 

(cm 2 ) 


190 

1010 

260" 

27.8 


195 

816 

265 

22.4 


200 

563 

270 

17.8 


205 

367 

275 

13.4 


210 

241 

280 

9.3 

— — 

.... n5 _ 

-164 - - 

285 

6.3 - 



220 

120 

290 

4.0 


225 

95.2 

295 

2.6 


230 

80.8 

300 

1.6 


235 

69.8 

305 

1.1 


240 

59.1 

310 

0.7 


245 

49.7 

315 

0.4 


250 

41.8 

320 

0.3 


255 

35.1 

325 

0.2 




330 

0.1 
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C1.2 + hi/ ”* Cl + Cl 

The absorption cross sections of CI 2 , listed in Table 19, are taken 
from the work of Seery and Britton (1964). These results are in good agree- 
ment with those reported by Gibson and Bayliss (1933) , Fergusson et al . 
(1936), and Burkholder and Bair (1983). 


Table 19. Absorption Cross Sections of CI 2 


A 

(nm) 

10 2 0o 
(cm 2 ) 

A 

(nm) 

10 20 a 

(cm 2 ) 

240 

0.08 

350 

18.9 

250 

0.12 

360 

13.1 

260 

0.23 

370 

8.3 

270 

0.88 

380 

4.9 

280 

2.7 

390 

3.3 

290 

6.5 

400 

1.9 

300 

12.0 

410 

1.3 

310 

18.5 

420 

0.99 

320 

23.6 

430 

0.73 

330 

25.6 

440 

0.53 

340 

23.6 

450 

0.34 
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CIO + hi/ Cl + 0 


The absorption cross sections of chlorine nonoxide, CIO, have been 
reviewed by tfatson (1977) . There are nore recent neasurenents yielding 
results in reasonable agreement with Che earlier ones, by Kandelman and 
Nicholls (1977) in the 250-310 nm region; by Wine et al . (1977) around 
283 nm; and by Rigaud et al . (1977) and Jour da in et al . (1978) in the 
270-310 nm region. 

.The calculations of Coxon et al . (1976) and langhoff et al~ (1977) “ 
indicate that photodecomposition of CIO accounts for at most 2 to 3 percent 
of the total destruction rate of CIO in the stratosphere, which occurs 
predominantly by reaction with oxygen atoms and nitric oxide. 

ClOO + hv -* CIO + 0 

Johnston et al . (1969) measured the absorption cross sections of the 
ClOO radical using a molecular modulation technique which required inter- 
pretation of a complex kinetic scheme. The .values listed in Table 20 are 
taken from their work. 


Table 20. Absorption Cross Sections of ClOO 


X 

(nm) 

: lo 2 ?* 

(cm 2 ) 

X 

(nm) 

10 20 o 

(cm 2 ) 

225 

260 

255 

1240 

230 

490 

260 

1000 

235 

780 

265 

730 

240 

1050 

270 

510 

245 

1270 

275 

340 

250 

1230 

280 

230 
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0C10 + hv 0 + CIO 


The spectrua of OCIO is characterized by a series of well developed 
progressions of bends extending from -280 to 480 no. The spectroscopy of 
this molecule has been studied extensively, and the quantum yield for 
photodissociation appears to be unity throughout the above wavelength 
range- -see, for example the review by Watson (1977). 

Birks et al . (1977) have estimated a half-life against atmospheric 
photodissociation of OCIO of a few seconds. 

The recommended absorption cross section values are those reported by 
Wahner et al . (1987), who measured the spectra with a resolution of 0.25 nm 
at 204", '296 and 378 K, in the wavelength range 240 to 480 nm. Table- 21 
lists the cross section values at the peak of the bands [a(0) to a(26)]. 
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Table 21. Absorption Cross Sections 
o£ 0C10 at the Band Peaks 


A(nm) 


10 20 o (cm 2 ) 


204 K 

296 K 

378 K 

-■ 475.53 - 


13 

- 

461.15 

17 

17 

16 

446.41 

94 

69 

57 

432.81- 

220 

166 

134 

420.58 

393 

304 

250 

408.83 

578 

479 

378 

397.76 

821 

670 

-547 

387.37 

1046 

844 

698 

377.44 

1212 

992 

808 

368.30 

1365 

1136 

920 

359.73 

1454 

1219 

984 

351.30 

1531 

1275 

989 

343.44 

1507 

1230 

938 

336.08 

1441 

1139 

864 

329.22 

1243 

974 

746 

322.78 

1009 

791 

628 

317.21 

771 

618 

516 

311.53 

542 

435 

390 

305.99 

393 

312 

- 291 - 

300.87 

256 

219 

216 

296.42 

190 

160 

167 

391.77 

138 

114 

130 

287.80 

105 

86 

105 

283.51 

089 

72 

90 

279.64 

073 

60 

79 

275.74 

059 

46 

- 

272.93 

053 

33 

- 
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CIO 3 + hi/ -* products 





Table 22 lists absorption cross sections of chlorine trioxide, CIO 3 , 
for the 200 to 350 nm range obtained by graphical interpolation between the 
data points of Goodeve and Richardson (1937) . Although the quantum yield 
for decomposition has not been measured, the continuous nature of the 
spectrum indicates that it is likely to be unity. 


Table 22. CIO 3 Absorption Cross Sections 


- X 

-(nm) — 

I0 20 a 
(cm 2 ) - 

X 

(nm) 

10 20 cr 

(cm 2 ) 

200 

530 

280 

460 

210 

500 

290 

430 

220 

480 

300 

400 

230 

430 

310 

320 

240 

350 

320 

250 

250 

370 

330 

180 

260 

430 

340 

110 

270 

450 

350 

76 


CI2O2 + hi/ - 

The UV spectrum of CI 2 O 2 has been studied by Basco and Hunt (1979) , 
who report cross sections at six wavelengths between 277 and 232 nm, with 
increasing values towards the shorter wavelengths; by Molina and Molina 
(1987) , who observed a maximum at about 270 nm; and by Cox and Hayman (1987) , 
who report the maximum around 245 nm. Using IR spectroscopy, Molina and 
Molina (1987) showed that several isomers of CI 2 O 2 exist, so that the 
discrepancies in the UV spectra might be due at least in part to the presence 
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of different: isomers. On the other hand, for the atmospherically* important 
wavelength region around 310 no the agreement between the last two sets of 
data is good. Clearly, additional studies are needed. Molina and Molina 
(1987) suggest a quantum yield of unity for the production of Cl-atoms, but 
direct studies of the identity of the photodissociation products also need 
to be carried out. 

HC1 + hi/ - H + Cl 

The absorption cross sections of _HC1, listed_in Table 23, are taken 
from the work of Inn (1975). 


Table 23. 

Absorption 

Cross Sections 

of HC1 Vapor 

A 

10 20 c 

A 

l 0 20o 

(nm) 

(cm 2 ) 

(nm) 

(cm 2 ) 

140 

211 

185 

31.3 

145 

281 

190 

14.5 

150 

345 

195 

6.18 

155 

382 

-200 

; 2: 56 

160 

332 

205 

0.983 

165 

248 

210 

0.395- 

170 

163 

215 

0.137 

175 

109 

220 

0.048 

180 

58.8 





H0C1 + hi/ -» OH + Cl 


Knauth et al . (1979) have measured absorption cross sections of HOCl 
using essentially the same technique as Molina and Molina (1978) except for 
a higher temperature, which allowed them to obtain a more accurate value 
for the equilibrium constant Keq for the H 2 O-CI 2 O-HOCI system. The cross- 
section values from Molina and Molina's measurements recalculated using the 
new Keq are in excellent agreement with the results of Knauth et al . The 
recommended values, taken from this later work, are presented in Table 24. 

Molina et al . (1980b) , by monitoring directly OH radicals produced 
by laser photolysis of HOCl, .obtain an absorption cross section value of 
-6 x 10“^® cm^ around 310 nm, again in excellent agreement with the data of 
Knauth et al . (1979). 

In contrast, the theoretical predictions of Jaffe and Langhoff (1978) 
indicate negligible absorption at those wavelengths. The reason is not 
known, although it should be pointed out that no precedent exists to validate 
the theoretical approach for this particular type of problem. 

Recently, Mishalanie et al . (1986) reported measurements of the UV 
spectrum of HOCl, using a dynamic source to generate this species, instead 
of equilibrium mixtures with CI 2 O and H 2 O. Overall, their results are in 
reasonable agreement with the recommended cross section values', and lead to 
slightly smaller atmospheric photodissociation rates .below. -30. -km, but 
yield, at higher altitudes, rates which are larger by a factor of up to 
-1.7. The reason for the discrepancy is not known. 

Butler and Phillips (1983) found no evidence for 0-atom production at 
308 nm, and placed an upper limit of -0.02 for the primary quantum yield 
for the HC1 + O channel. 
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Table 24. Absorption Cross Sections of H0C1 


X 

(nm) 

1020* 

(cm 2 ) 

X 

(nm) 

10 20 a 

(cm 2 ) 

200 

5.2 

310 

6.2 

210 

_ 6 . 1 __ 

320 

. 5.0 

220 

11.0 

330 

3.7 

230 

18.6 

340 

2.4 

... 240 

22.3 

350 

1.4 

250 

18.0 

360 

0.8 

260 

10.8 

370 

0.45 

270 

6.2 

380 

0.24 

280 

4.8 

390 

0.15 

290 

5.3 

400 

0.05 

300 

6.1 

420 

0.04 


C1N0 + hi/ - Cl + NO 

Nitrosyl chloride has a continuous absorption extending beyond 650 nm. 
There is good agreement between the work of Martin and Gareis (1956) for the 
240 to 420 nm wavelength region, of Ballash and Armstrong (1974) for the 185 to 
540 nm region, and of lilies and Takacs (1976) for the 190 to 400 nm region, 
and of Tyndall et al . (1987) for the 190 to 350 region except around 230 nn, 
where the values of Ballash and Armstrong are larger by almost a factor of two. 
The recommended absorption cross sections, listed in Table 25, are taken from 
the recent work of Tyndall et al . (1987) . 

The quantum yield for the primary photolytic process has been reviewed 
by Calvert and Pitts (1966a) ; it is unity over the entire visible and near- 
ultraviolet bands. 
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Table 25. ClNO Absorption Cross Sections 


A 

10 20 a 

X 

10 20 <7 

A 

10 20 <7 a 


10 2 °o 

(nm) 

(cm 2 ) 

(nm) 

(cm 2 ) 

(nm) 

(cm 2 ) 

(nm) 

(cm 2 ) 

190 

4320 

230 

266 

270 

12.9 

310 

11.5 


- 192- 

5340 

2.'2' 

212 — 

272 

12.3 - ' 

312 ‘ 

11.9 

* 


194 

6150 

234 

164 

274 

11.8 

314 

12.2 



196 

6480 

236 

120 

276 

11.3 

316 

12.5 



198 

6310 

'238 

101 

278 ' 

10.7 

318 

13.0 



200 

5860 

240 

82.5 

280 

10.6 

320 

13.4 



202 

5250 

242 

67.2 

282 

10.2 

322 

13.6 



204 

4540 

244 

_ 55.1 _ 

_284_ 

9.99-- 

324 

14.0 


i ’ 

206 

3840 

246 

45.2 

286 

9.84 

326 

14.3 



208 

3210 

248 

37.7 

288 

9.71 

328 

14.6 



210 

2630 

250 

31.7 

290 

9.64 

330 

14.7 


/ 

212 

2180 

252 

27.4 

292 

9.63 

332 

14.9 



214 

1760 

254 

23.7 

294 

9.69 

334 

15.1 


4 

216 

1400 

256 

21.3 

296 

9.71 

336 

15.3 


t 

218- 

1110 

258 

19.0 

298 

9.89 

338 

15.3 



220 

896 

260 

17.5 

300 

10.0 

340 

15.2 


J 

- _ . 222 

707 

262 

16.5 

302 

10.3 

342 

15.3 


“ 

224 

552 

264 

15.3 

304 

10.5 

344 

15.1 


■ 

226 

436 

266 

14.4 

306 

10.8 

346 

15.1 



- - 228- 

- 339 - 

268 

--- 13.6 

308 

11.1 

-- 348 

- 14.9 — • 


- ■ 







350 

14.5 




) 

c. 

S 
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CINO 2 + hi/ -* products 

The absorption cross sections of nitryl chloride, CINO 2 . have been 
measured between 230 and 330 nm by Martin and Garels (1956) , between 185 
and 400 ran by lilies and Takacs (1976), and between 270 and 370 ran by 
Nelson and Johnston (1981). The results are In good agreement below 300 nm. 
Table .26- lists the recommended -values which are taken from lilies - and 
Takacs (1976) between 190 and 270 nm, and from Nelson and Johnston (1981) 
between 270 and 370 nm. These latter authors showed that an approximate 
6X CI 2 Impurity in the samples used by lilies and Takacs could explain 
the discrepancy in the results above 300 nm. Nelson and Johnston (1981) 
report a value of one (within experimental error) for the quantum yield 
for production at Cl-atoms; they also report a negligible quantum yield 
for the production of oxygen atoms. 


Table 26. Absorption Cross Sections of CINO 2 


A 

(nm) 

10 20 <7 

(cm 2 ) 

A 

(nm) 

10 20 o 

(cm 2 ) 

190 

2690 - 

290 

18.1 

200 

455 

300 

15.5 

210 

339 

310 

12.5 

220 

342 

320 

8.70 

230 

236 

330 

5.58 

240 

140 

340 

3.33 

250 

98.5 

350 

1.78 

260 

63.7 

360 

1.14 

270 

37.2 

370 

0.72 

280 

22.3 
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C10N0 + hv -» products 

Measurements In the near-ultraviolet of the cross sections of chlorine 
nitrite (C10N0) have been made by Molina and Molina (1977). Their results 
are listed in Table 27. The characteristics of the spectrum and the insta- 
bility of C10N0 strongly suggest that the quantum yield for decomposition 

.. J.s unity. The_Cl-0 bond strength is only about 20- kilocalories , so that 

chlorine atoms are likely photolysis products. 


Table 27. C10N0 Absorption Cross Sections at 231 K 


X 

(.run) 

10 20 o 

(cm 2 ) 

X 

(nm) 

: io 2 <>v 

(cm 2 ) 

235 

215.0 

320 

80.3 

240 

176.0 

325 

75.4 

245 

137.0 

330 

58.7 

250 

106.0 

335 

57.7 

255 

65.0 

340 

43.7 

260 

64.6 

345 

35.7 

265 

69.3 

350 

26.9 

270 

90.3 

355 

22.9 

275 

110.0 

360 

16.1 

280 

132.0 

365 

11.3 

285 

144.0 

370 

9.0 

290 

144.0 

375 

6.9 

295 

142.0 

380 

4.1 

300 

129.0 

385 

3.3 

305 

114.0 

390 

2.2 

310 

105.0 

395 

1.5 

315 

98.1 

400 

0.6 
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CIONO2 + hi/ •* products 

The recommended cross section values, listed in Table 28, are taken 
from the work of Molina and Molina (1979) , which supersedes the earlier 
work of Rowland, Spencer and Molina (1976). 

The identity of the primary photolytic fragments has been investigated 
by .several groups . Smith et al . (1977) report 0 + C10N0 as .the. most likely 
products, using end product analysis and steady-state photolysis. The 
results of Chang et al . (1979b), who employed the "Very Low Pressure Pho- 
tolysis" (VLPPh) technique, indicate that the products are Cl + NO3. 
Adler-Golden and Wiesenfeld (1981) , using a flash photolysis atomic absorp- 
tion technique, find O-atoms to be the predominant photolysis product, and 
report a quantum yield for Cl-atom production of less than 4%. Marinelli 
and Johnston (1982b) report a quantum yield for NO3 production at 249 na 
between 0.45 and 0.85 with a most likely value of 0.55; they monitored NC- 
by tunable dye-laser absorption at 662 nm. Margitan (1983a) used atomic 
resonance fluorescence detection of 0- and Cl-atoms and “found the quantum 
yield at 266 and at 355 nm to be 0.9 ± 0.1 for Cl-atom production, and -0.1 
for 0-atom production, with no discernible difference at the two wavelengths. 

The preferred quantum yield values are 0.9 for the Cl + NO3 channel, 
and a complementary value of 0.1 for the 0 + C10N0 channel. The recommenda- 
tion is based on Margitan (1983a) , whose direct study is the only one with 
results at a wavelength longer than 290 nm, which is where atmospheric 
photodissociation will predominantly occur. The reason for the discrepancy 
with the studies by Adler-Golden and Weisenfeld (1981) and by Marinelli and 
Johnston (1982b) is almost surely that the rate consrant for Cl + CINO3 is 
much faster (two orders of magnitude) than previously thought (Margitan, 
1983a; Kurylo et al . , 1983a) . 
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Table 28. Absorption Cross Sections of CIONO 2 


A 

(nm) 

10 2 ®<7(cm 2 > 


A 

(nm) 

10 20 a(’cm 2 '» 


227K 

243K 

296K 

227K 

243K 

296K 

190 

555 

. 

589 

325 

0.463 

0.502 

0.655 

195 

358 

- 

381 

330 

0.353 

0.381 

0.514 

“200 

' 293 

~ - 

” 307 

335 

0.283 

"0.307 

”0.397 

205 

293 

- 

299 

340 

0.246 

0.255 

0.323 

210 

330 

- 

329 

345 

0.214 

0.223 

0.285 

215 

362 

- 

360 

350 

0.198 

0.205 

0.246 

220 

348 

- 

344 

355 

0.182 

0.183 

0.218 

225 

.282 

r 

286 

360 

0.170 

... 0,173 

0.208 

230- 

206 

- 

- 210 

365 

0rl55- - 

—0.-159 — 

- 0.178 

235 

141 

- 

149 

370 

0.142 

0.140 

0.162 

240 

98.5 

- 

106 

375 

0.128 

0.130 

0.139 

245 

70.6 

- 

77.0 

380 

0.113 

0.114 

0.122 

250 

52.6 

50.9 

57.7 

385 

0.098 

0.100 

0.108 

255 

39.8 

39.1 

44.7 

390 

0.090 

0.083 

0.090 

260 

30.7 

30.1 

34.6 

395 

0.069 

0.070 

0.077 

265 

23.3 

23.1 

26.9 

400 

0.056 

0.058 

0.064 

270 

18.3 

18.0 

21.5 

405 

- 

- 

0.055 

275 

13.9 

13.5 

16.1 

410 

- 

- 

0.044 

280 

10.4 

9.98 

11.9 

415 

.... - - - 

- 

0.035 

285 

7.50 

7.33 

8.80 

420 

- 

- 

0.027 

290 

5.45 

5.36 

6 . 36 

'425 

- 


0.020 

295 

3.74 

3.83 

4.56 

430 

- 

- 

0.016 

300 

2.51 

2.61 

3.30 

435 

- ■ 

- ‘ 

0.013 

305 

1.80 

1.89 

2.38 

440 

- 

- 

0.009 

310 

1.28 

1.35 

1.69 

445 

- 

- 

0.007 

315 

0.892 

0.954 

1.23 

450 

- 

- 

0.005 

320 

0.630 

0.681 

0.895 
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Halocarbon Absorption Cross Sections and Quantum Yields 


The primary process in the photodissociation of chlorinated hydro- 
carbons is well established: absorption of ultraviolet radiation in the 
lowest frequency band is interpreted as an n-ar* transition involving 
excitation to a repulsive electronic state (antibonding in C-Cl) , which 
dissociates by breaking the carbon chlorine bond (Majer and Simons, 1964). 
As expected, the chlorofluorome thanes- -which are just a particular type of 
chlorinated hydrocarbons --behave in this fashion (Sandorfy, .1976) r Hence," 
the quantum yield for photodissociation is expected to be unity for these 
compounds. There are several studies which show specifically that this-is 
the case for CF 2 CI 2 , CFCI 3 andrCCl^. These studies- -which have been reviewed 
in CODATA (1982) --also indicate that at shorter wavelengths two halogen 
atoms can be released simultaneously in the primary process. 

Several authors have reinvestigated the absorption cross sections for 
CC1 4 , CCI 3 F, CC1 2 F 2 , CHC1F 2 , and CH 3 Cl--e.g. , Hubrich et al . (1977); Hubrich 
and Stuhl (1980); Vanlaethem-Meuree et al . (1978a, b); Green and Wayne (1976- 
1977) --and their results are in general in very good agreement with our 
earlier recommendations. Tables 29, 30 and 31 list the present recommenda- 
tions for.the cross, sections of CCl^, CCI 3 F and CCI 2 F 2 respectively; these 
data are given by the mean of the values reported by various groups --those 
cited above as well as those referred to in earlier evaluations- -as reviewed 
by CODATA (1982). For atmospheric photodissociation calculations the change 
in the cross section values with temperature is negligible for CCl^ and 
CFCI 3 ; for CF 2 CI 2 the temperature dependence is given by the expression 
at the bottom of Table 31. The species CHCIF 2 , CH 3 CI, CH 3 CCI 3 , CBrF 3 and 
CBrClF 2 are discussed individually; their absorption cross sections are 
listed in Tables 32, 33, 35 and 36, respectively. 
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Table 29. Absorption Cross Sections of CCl^ 


X 

(nm) 

io 2 ^ 

(cm 2 ) 

X 

(na) 

10 20 tr 

(cm 2 ) 

174 

995 

218 

21.8 

176 

1007 

220 

17.0 

178 

976 

222 

13.0 

180 

772 

224 

9.61 

182 

589 

226 

7.19 

184 

450 

228 

5.49 

186 

318 

230 

4.07 

188 

218 

232 

3.01 _ 

190 

144 

234 

2.16 

192 

98.9 

236 

1.51 

194 

74.4 

238 

1.13 

196 

68.2 

240 

0.784 

198 

66.0 

242 

0.579 

200 

64.8 

244 

0.414 

_202 

-62.2 

246 

0.314 

204 

60.4 

248 

0.240 

206 

56.5 

250 

0.383 

208 

52.0 

255 

0.0661 

210 

46.6 

260 

0.0253 

212 _ 

_39.7 . . 

265 

0.0126 - - 

214 

33.3 

270 

0.0061 

216 

27.2 

275 

0.0024 
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Table 30. Absorption Cross Sections of CCI 3 F 


A 

(nm) 

10 2 °a 

(cm 2 ) 

A 

(nm) 

10 20 a 

(cm 2 ) 

170 

316 

208 

21.2 

.172. 

319 

210 - 

15.4- 

174 

315 

212 

10.9 

176 

311 

214 

7.52 

178 - 

304 

216 

- 5.28 

O 

00 

r* 

308 

218 

3.56 

182 

285 

220 

2.42 

184 

260 

222 

1.60 ~ 

186 

233 

224 

1.10 

188 

208 

226 

0.80 

190 

178 

228 

0.55 

192 

149 

230 

0.35 

194 

123 

235 

0.126 

196 

99 

240 

0.0464 

198 

80.1 

245 

0.0173 

200 

64.7 

250 

0.00661 

202 

50.8 

255 

0.00337 

204 

38.8 

260 

0.00147 

206 

29.3 
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Table 31. 

Absorption Cross 

Sections 

of CCI 2 F 2 

X 

10 20 a 

X 

10 20 a 

(nm) 

(cm 2 ) 

(nm) 

(cm 2 ) 

170 

124 

200 

8.84 

.... 172 

— ~ 151 — 

202 

5.60 

174 

171 

204 

3.47 

176 

183 

206 

2.16 

- 178 

189 

208 

1.52 ■“ 

180 

173 

210 

0.80 

182 

157 

212 

0.48 

184 

137 

214 

0.29- -- — 

186 

104 

216 

0.18 

188 

84.1 

218 

0.12 

190 

62.8 

220 

0.068 

192 

44.5 

225 

0.022 

194 

30.6 

230 

0.0055 

196 

20.8 

235 

0.0016 

198 

13.2 

240 

0.00029 


a T - a 2 g8 exp[4.1 x 10' 4 (A-184 . 9) (T-298) ] 


Where: ^298 • cross section at 298 K 

A : run 


T : temperature, Kelvin 


3 
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The absorption cross sections for various other halocarbons not listed 
in this evaluation have also been investigated: for CC 1 F 3 , CCI 2 FCCIF 2 , 
CCIF 2 CCIF 2 and CCIF 2 CF 3 the values given by Hubrich and Stuhl (1980) at 
298 K are in very good agreement with the earlier results of Chou et al . 
(1978) and of Robbins (1977) ; Hubrich and Stuhl also report values of 208 K 
-for these • species. " Other absorption cross section measurement include 
the following: CHCI 2 F by Hubrich et al . (1977); CHCI 3 , CH 2 CI 2 , CH 2 CIF, 
_CF 3 CH 2 C 1 , CH 3 CC1F 2 - and CH 3 CH 2 C1 by Hubrich and Stuhl (1980) ; CHCI 3 , CH 3 Br, 
CHFC1 2 , C 2 F 4 Br 2 , C 2 HCl 3 and C 2 H 3 C1 3 by Robbins (1977); CH 2 C1 2 and CHCI 3 
bv Vanlaethem_-Meuree- et al . (1978a); CHCI 2 F, CCIF 2 CH 2 CI, CF 3 CH 2 CI , CF 3 ChCl 2 
and CH 3 CF 2 CI by Green and Wayne (1976-1977); and CH 3 Br, C^B^, CBr 2 F 2 , 
CBrF 2 CBrF 2 and CBrF 2 CF 3 by Molina et al . (1982) . 

As before, the recommendation for the photodissociation quantum yield 
value is unity for all these species. 
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CHCIF 2 + hv •* products 




The preferred absorption cross sections, listed in Table 32, are the 
mean of the values reported by Robbins and Stolarski (1976) and Chou et al . 
(1976), which are in excellent agreement with each other. Hubrich et al . 
(1977) have reported cross sections for CHCIF 2 at 298 K and 208 K. Their 
results indicate a significant temperature dependence for X > 200 nm, and 
their room temperature values are somewhat higher than those of the former 
two groups. 

Photolysis of CHCIF 2 is rather unimportant throughout the atmosphere: 
reaction with OH radical is the- dominant destruction process. — — . 


Table 32. Absorption Cross Sections of CHCIF 2 


A(nm) 

10^®a(cm2) 


174 

5.94 


176 

4.06 


178 

2.85 


180 

1.99 


182 

1.30 


184 

0.825 


186 

0.476 

- 

190 

0.235 


192 

0.157 


194 

0.100 


196 

0.070 


198 

0.039 


200 

0.026 


202 

0.022 


204 

0.013 
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CH 3 CI + hi/ -* products 

The preferred absorption cross sections, listed in Table 33, are those 
given by Vanlaethem-Meuree et al . (1978b) . These values are in very good 
agreement with those reported by Robbins (1976) at 298 K, as well as with 
those given by Hubrich et al . (1977) at 298 K and 208 K, if the temperature 
.trend is taken into consideration. _ 


Table 33. Absorption Cross Sections of CH 3 CI 


A 

(nin) 


lO^o (cm^) 


296 K • " 

279 K 

255 K ' 

186 

24.7 

24.7 

24.7 

188 

17.5 

17.5 

17.5 

190 

12.7 

12.7 

12.7 

192 

8.86 

8.86 

8.86 

194 

6.03 

6.03 

6.03 

196 

4.01 

4.01 

4.01 

198 

2.66 

2.66 

2.66 

200 

1.76 

1.76 

1.76 

202 

1.09 

1.09 

1.09 

204 

0.691 

0.691 

0.691 

206 

0.483 

0.475 

0.469 

208 

0.321 ~ 

0.301 

0.286 

210 

0.206 

0.189 

0.172 

212 

0.132 

0.121 

0.102 

214 

0.088 

0.074 

0.059 

216 

0.060 

0.048 

0.033 
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CCI2O + hv *♦ products, GC1F0 + hi/ -* products, and CF2O + hi/ -* products 

Tabic 34 shows the absorption cross sections of CCI2O (phosgene) and 
CFC10 given by Chou et al . (1977) , and of CF2O taken from the work of Molina 
and Molina (1982). The spectrum of CF2O shows considerable structure; 
the values listed in Table 34 are averages over each 50 wavenumber interval. 

The spectrum of CFC10 shows less structure, and the CCI2O spectrum is a 
continuum; its photodissociation quantum yield is unity (Calvert and Pitts, 

1966a) . 

The quantum yield for the photodissociation of CF2O at 206 cut appears 
to be -0.25 (Molina and Molinay 1982); additional studies of the quantum — - - — — "• — 

yield in the 200 nm region are required in order to establish the atmospheric 
photodissociation rate. 

CH3CCI3 + hv -* products 

The absorption cross sections have been measured by Robbins (1977), by 
Vanlaethem-Meuree et al . (1979) and by Hubrich and Stuhl (1980) . These 
latter authors corrected the results to account for the presence of a UV- 
absorbing stabilizer in their samples, a correction which might account for 
the rather iarge discrepancy T/ith the other measurements 7 The results of - 
Robbins (1977) and of Vanlaethem-Meuree et al . (1979) are in good agreement. 

The recommended values are taken from this latter work (which reports values 
at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm, and in a separate 
table at wavelengths corresponding to the wavenumber intervals generally 
used in stratospheric photodissociation calculations). Table 35 lists the 
values at 210 K, 250 K and 295 K, every 5 nm; the odd wavelength values 
were computed by linear interpolation. 


f. 
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Table 34. Absorption Cross Sections of CCI 2 O, CC1FO, and CF 2 O 


A 

(nm) 


10 20 o(ca 2 ) 



cci 2 o 

CC1F0 

cf 2 o 

184.9 

204.0 

• 

• 


186.0 

189.0 " 

15.6 

y.5 

— 

187.8 

137.0 

14.0 

4.8 


189.6 

117.0 

13.4 

4.2 


191.4 

93.7 

12.9 

3.7 

— 

193.2 

69.7 

12.7 

3.1 


195.1 

.52,5_ 

12,5 

2.6 


197.0 

-- 41,0 - 

12.4 

2.1 

- • 

199.0 

31.8 

12.3 

1.6 


201.0 

25.0 

12.0 

1.3 


103.0 

20.4 

11.7 

0.95 


205.1 

16.9 

11.2 

0.69 


207.3 

15.1 

10.5 

0.50 


209.4 

13.4 

9.7 

0.34 


211.6 

12.2 

9.0 

0.23 


213.9 

11.7 

7.9 

0.15 


216.2 

11.6 

6.9 

0.10 


.'18.6 

11.9 

5.8 

0.06 


221.0 

12.3 

4.8 

0.04 


,,‘1223.5 

” _ T278~ 

'4.0 

0.03 

— -■ 

226.0 

13.2 

3.1 

- 
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Table 35. Absorption Cross Sections of CH 3 CCI 3 


X 

(.no) 


10 20 o(cm 2 ) 


295 K 

250 K 

210 K 

. 185 - . 

265 -- 

265 

. 265 - 

190 

192 

192 

129 

200 

81.0 

81.0 

81.0 

205 

- 46.0 

- 44.0 

- 42.3 

210 

24.0 

21.6 

19.8 

215 

10.3 

8.67 

7.47 

220 

4:i5 

3.42 “ 

2.90 

225 

1.76 

1.28 

0.97 

230 

0.700 

0.470 

0.330 

235 

0.282 

0.152 

0.088 

240 

0.102 

0.048 

0.024 


CBrClF 2 + hi/ -* products 

The absorption cross sections of CBrClF 2 (Halon 1211, or fluorocarbon 
12B1) have been measured by Giolando et al . (1980), and by Molina et al . 
(1982), both at room temperature. The recommended cross sections, listed 
in Table- 36 , are taken -from this latter work. These- cross section values 
are about 20X lower than those reported by Giolando et al . in the atmo- 
spherically important 285-305 nm wavelength region. 

CBrF 3 + hu -» products 

Table 36 shows the absorption cross sections of CF 3 Br (Halon 1301, 
or fluorocarbon 13B) , taken from the work of Molina et al . (1982) who report 
measurements at 298 K. 
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Table 36. Absorption Cross Sections or CBrF 3 
and of CBrClF 2 


X 

(nm) 

10 20 a 

(cm 2 ) 

X 

(nm) 

10 20 a 

(cm 2 ) 

CBrF 3 

CBrClF 2 

CBrF 3 

CBrClF 2 

190 

6.71 " 

42.4" 

265 ‘ 

' 0.00905 

0.~721~ 

195 

9.61 

71.1 

270 

0.00348 

0.392 

200 

11.8 

96.2 

275 

0.00138 

0.190 

205 

12.9 • 

109 

280 

0.00055 

0.0883 

210 

12.3 

105 

285 

0.00022 

0.0398 

215 

10.3 

89 . 6 _ 

290 

0.00008 

0.0182 

220 - 

7.50 - 

70.0 

295 - - 

- 0.003 

0.00821 - 

225 

4.83 

51.3 

300 

0.001 

0.00361 

230 

2.70 

34.2 

305 


0.00165 

235 

1.48 

23.3 

310 


0.00066 

240 

0.695 

14.4 

315 


0.00026 

245 

0.325 

8.87 

320 


0.000098 

250 

0.139 

5.29 

325 


0.000037 

255 

0. 0589 

2.97 

330 


0.000025 

260 

0.0234 

1.56 





BrO + hi/ -• Br + 0 

The BrO radical, has - a banded'^spectrum in 'the 290-380 ran range, the 
strongest absorption feature lying around 338 ran. The photodissociation 
quantum yield in this wavelength range is expected to be unity due to 
extensive predissociation. 

The recommended absorption cross sections averaged over 5 ran wavelength 
intervals are taken from the work of Cox et al . (1982) , and are listed in 
Table 37. These authors estimate a BrO lifetime against atmospheric pboto- 
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dissociation of -20 seconds at the earth's surface, for a solar zenith 
angle of 30* . 


i 


The earlier BrO cross section measurements were carried out mostly 
around 338 run, and have been reviewed by CODATA (1980; 1982). 


Table 37 . Absorption Cross Sections of BrO 


X 10 20 v(cm 2 ) 

(nm) average 


300 

- 

305 

200 

305 

- 

310 

259 

310 

- 

315 

454 

315 

- 

320 

391 

320 

- 

325 

600 

325 

- 

330 

753 

330 

- 

335 

628 

335 

- 

340 

589 

340 

- 

345 

515 

345 

- 

350 

399 

350 

- 

355 

228 

355 

- 

360 

172 

360 


365 

161 

365 

- 

370 

92 

370 

- 

375 

51 
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Br 0 N 02 + hi/ -» products 

The bromine nitrate cross sections have been measured at room tempera- 
ture by Spencer and Rowland (1978) in the wavelength region 186-390 nm; 
their results are given in Table 38. The photolysis products are not known. 


Table 38. 

Absorption Cross 

Sections 

of Br0N0 2 

X 

10™* 

X 

10 2 °a 

(na) 

(cm 2 ) 

(nm) 

(cm 2 ) 

186 

1500 

280 

29 ~ 

190 

1300 

285 

27 

195 

1000 

290 

24 

200 

720 

295 

22 

205 

430 

300 

19 

210 

320 

305 

18 

215 

270 

310 

15 

220 

240 

315 

14 

225 

210 

320 

12 

230 

190 

325 

11 

235 

170 

330 

10 

240 

130 

335 

9.5 

245 

100 - ~ 

340 

1 

oo l 

1 

1 

250 

78 

345 

8.5 

255 

61 

350 

7.7 

260 

48 

360 

6.2 

265 

39 

370 

4.9 

270 

34 

380 

4.0 

275 

31 

390 

2.9 
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HF + hi/ - H + F 

The ultraviolet absorption spectrum of HF has been studied by Safary 
et al . (1951). The onset of absorption occurs at X < 170 nm, so that photo- 
dissociation of HF should be unimportant in the stratosphere. 

H 2 C0 + hi/ - H + HCO (#]_) ' - - - - - 

-* H 2 + CO (* 2 ) 

Bass et al (1980) have- measured the- absorption- cross sections of 

formaldehyde with a resolution of 0.05 nm at 296 K and 223 K. The cross 
sections have also been measured by Hoortgat et al . (1980; 1983) with a 
resolution of 0.5 nm in the 210-360 K temperature range; their values are 
— 30Z larger than those of Bass et al . for wavelengths longer than 300 nm. 
The recommended cross section values, listed in Table 39, are the mean of 
the two sets of data (as computed in CODATA, 1982) . 

The quantum yields have been reported with good agreement by Horowitz 
and Calvert (1978), Clark et al . (1978a), Tang et al . (1979), Hoortgat and 
Warneck (1979), and Moortgat et al . (1980; 1983). The recommended values 
listed in Table 39 are based on the results of all of these investigators. 
The quantum yield $ 2 is pressure dependent for wavelengths longer than 

329 nm, and is given by the expression at" the bottom of Table 37, which is 
based on the values reported by Moortgat et al . (1980; 1983) for 300 K. 

Additional work is needed to determine and the cross sections around 

330 nm, which is the important wavelength region for atmospheric photodissocia- 

tion of CH 2 0 to yield H + HCO; only a few scattered measurements of have 
been carried out around this wavelength. At present the recommendation for 
the 320-340 nm wavelength interval is to calculate by linear interpolation 
assuming a value of — 0.62 at 320 nm and - 0 at 340 nm. 
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Table 39. Absorption Cross Sections and Quantum Yields 
for Photolysis of CH 2 O. 


X 

(nm) 

10 

^ff(ca^) 

*1 

*2 

(H 2 + CO) 

290 K 

220 K 

(H + HCO) 

240 

0.03 

- 0.08 

- -- 0.21 

0.42 - 

250 

0.13 

0.08 

0.24 

0.46 

260 

0.47 

0.47 

0.30 

0.48 

270 

0:86 

- 0785 

- . 0.40 

0.46 

280 

1.86 

1.93 

0.59 

0.35 

290 

2.51 

2.47 

0.71 

0.26 

300 

2.62 

.2.58. 

0.78 

0.22 

310 

2.45 

2.40 

0.77 

0.23 

320 

1.85 

1.71 

0.62 

0.38 

330 

1.76 

1.54 

0.31 

0.69 

340 

1.18 

1.10 

0 

0.69* 

350 

0.42 

0.39 

0 

0.40* 

360 

0.06 

0.02 

0 

0.12* 

Note: The 

values are 

averaged for 

10 nm intervals 

centered on 


the indicated wavelength. 
* : at P - 760 torr 


For X > 329-run,- $2~ aC a-given wavelength (not averaged — 


over 10 na intervals) is given by the following 


expression: 


</>2 

X 

P 


_ 1 - exp (112 . 8-0, 3A7A) 


1 +£ 
760 

nm 

torr 


( *r329) 

364-A 
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CHjOOH + hi/ — products 

Molina and Arguello (1979) have measured the absorption cross sections 
of CH 3 OOH vapor. Their results are listed in Table 40. 


Table 40. Absorption Cross Sections of CH 3 OOH 


A 

(nm) 

10 20 <r 

(cm 2 ) 

X 

(nm) 

10 20 £T 

(cm 2 ) 

210 

37.5 

290 

0.90 

220 

22.0 

300 

0.58 

230 

13.9 

'310 

0.34 

240 

8.8 

320 

0.19 

250 

5.8 

330 

0.11 

260 

3.8 

340 

0.06 

270 

2.5 

350 

0.04 

280 

1.5 




HCN + hi/ -» products and CH 3 CN + hv -+ products 

Herzberg and Innes (1957) have studied the spectroscopy of hydrogen 
cyanide, HCN, which starts absorbing weakly at X < 190 ran. McElcheran et al . 
(1958) have reported the spectrum of methyl ‘ cyanide .CH 3 CN; the first 
absorption band appears at X < 216 nm. 

The solar photodissociation rates for these molecules should be rather 
small, even in the upper stratosphere; estimates of these rates would 
require additional studies of the absorption cross sections and quantum 
yields in the 200 nm region. 
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SO 2 + hi/ -* products 

The UV absorption spectrum of SOj is highly structured, with a very 
weak absorption in the 340-390 nm region, a weak absorption in the 260-340 
nm, and a strong absorption extending from 180 to 235 nm; the threshold 
wavelength for photodissociation is -220 nm. The atmospheric photocheaistry 
of SO 2 has been reviewed by Heicklen et al . (1980) and by Calvert and 
Stockwell (1983) . Direct photo-oxidation at wavelengths longer than -300 nm 
by way of the electronically excited states of SO 2 appears to be relatively 
unimportant. 

- . The absorption cross sections_have been measured recently by McGee and 
Burris (1987) at 295 and 210 -K, between 300 and 324 nm, which is the wave- 
length region commonly used for atmospheric monitoring of SO 2 . 


0CS + hi/ CO + S 

The absorption cross sections of OCS have been measured by Breckenridge 
and Taube (1970), who presented their 298 K results in graphical form, 
between 200 and 260 nm; by Rudolph and Inn (1981) between 200 and -300 nm 
(see also Turco et al . . 1981), at 297 and 195 K; by Leroy et al . (1981) at 
294 K, between 210 and 260 nm. using photographic plates; by Molina et al . 
(1981) between 180 and 300 nm, at 295 and 225 K, and by Locker et al . (1983) 
between 195 and 260 nm, in the 195 K to 403 K temperature ranger - The results 
are in good agreement in the regions of overlap, except for A > 280 nm, 
where the cross section values reported by Rudolph and Inn (1981) are 
significantly larger than those reported by Molina et al . (1981). The 

latter authors concluded that solar photodissociation of OCS in the tropo- 
sphere occurs only to a negligible extent. 
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The recommended cross sections, given in Table 41, are taken from 
Molina et al . (1981) . (The original publication also lists a table with 
cross sections values averaged over 1 nm intervals, between 185 and 300 rua.) 

The recommended quantum yield for photodissociation is 0.72. This 
value is taken from the work of Rudolph and Inn (1981) , who measured the 
quantum yield for CO production in the 220-254 na range. 

CS 2 + hi/ ■* CS + S 

The CS 2 absorption spectrum is rather complex. Its photochemistry has 
been reviewed by Okabe (1978). There are two distinct regions in the near 
UV spectrum: a strong absorption extending from 185 to 230 nm, and a weaker 
one in the 290-380 nm range. The threshold wavelength for photodissociation 
is -280 nm. 

The photo -oxidation of CS 2 in the atmosphere has been discussed by 
Wine et al . (1981d) , who report that electronically excited CS 2 may react 
with O 2 to yield eventually OCS. 

NaCl + hi/ -*• Na + Cl 

Thereare several studies of the UV absorption spectra of NaCl vapor. 
For a review of the earlier work, which was carried out at high temperatures, 
see Rowland and Rogers (1982). The recommended cross sections, listed'in 
Table 42, are taken from the work of Silver et al . (1986), who measured 
spectra of gas phase NaCl at room temperature in the range from -190 to 360 
nm, by directly monitoring the product Na atoms. 
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Table 41. Absorption Cross Sections of OCS 


A 

(nm) 

10 2 0<r(cm 2 ) 

A 

(nm) 

10 20 o(cm 2 ) 

295 K 

225 K 

295 K 

225 K 

186.1 

18.9 

13.0 

228.6 

26.8 

23.7 

187.8 

8.33 

5.63 

231.2 

22.1 

18.8 

" “189:6- 

' 3.75 

2.50 

233.9 

17 Tl 

14.0 

191.4 

2.21 

1.61 

236.7 

12.5 

9.72 

193.2 

1.79 

. 1.53 

239.5 

8.54 

6.24 

195.1 

1.94 ' 

1.84 

242 . 5 

5. 61 

3.89 

197.0 

2.48 

2.44 

245.4 

3.51 

2.29 

199.0 

3.30 

3.30 

248.5 

2.11 

1 29 

_ 201.0 - 

. 4.48 

4.50 

- 251.6 — 

1.21 

0.679 

203.1 

6.12 

6.17 

254.6 

0.674 

0.353 

205.1 

8.19 

8.27 

258.1 

0.361 

0.178 

207.3 

10.8 

10.9 

261.4 

0.193 

0.0900 

209.4 

14.1 

14.2 

264.9 

0.0941 

0.0419 

211.6 

17.6 

17.6 

268.5 

0.0486 

0.0199 

213.9 

21.8 

21.8 

272.1 

0.0248 

0.0101 

216.2 

25.5 

25.3 

275.9 

0.0119 

0.0043 

218.6 

28.2 

27.7 

279.7 

0.0584 

0.0021 

221.5 

30.5 

29.4 

283.7 

0.0264 

0.0009 

223.5 

31.9 

29.5 

287.8 

0.0012 

0.0005 

226.0 

30.2 

27.4 

292.0 

0.0005 

0 . 0002 

“ - 

- • 

- — - 

296.3 • 

0.0002 . 


Photodissociation quantum yield* - 0.72 
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Table 42. Absorption Cross Sections of NaCl Vapor at 300 K 


X 

(nm) 

10 20 o 

(cm 2 ) 

189.7 

612 

193.4 

556 

203.1 

148 

205.3 

90.6 

205.9 

89-6 

210.3 

73.6 

216.3 

151 

218.7 

46.3- 

225.2 

— 146" ~ 

230.4 

512 

231.2 

947 

234.0 

1300 

237.6 

638 

241.4 

674 

248.4 

129 

251.6 

251 

254.8 

424 

260.2 

433 

268.3 

174 

277.0 

40 

291.8 

0.8 


NaOH + hi/ -» Na + OH 

The spectrum of NaOH vapor is poorly characterized. Rowland and Makide 
(1982) inferred the absorption cross section values and the average solar 
photodissociation rate from the flame measurements of Daidoji (1979). 
Additional measurements are required. 
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APPENDIX 



APPENDIX. 

GAS PHASE ENTHALPY DATA 


Th. following data ui adaptad mainly from CODATA (1914), although a faw antzlaa hava baan updatal. 


MOLECULE 

AHg(2Ql) 

(Kcal/mol) 

MOLECULE Afl £ (29S) 
(Ecal/mol) 

MOLECULE ABg(298) 
(Ecal/mol) 

MOLECULE AH f (298) 
(Ecal/mol) 

H 

32.1 

ch 3 o 

3.3 

HSO 

-112 

CCI 3 

1911 

B 2 

0.00 

“A 

3.8±2 

BSOj 

-9212 

CCI 4 - 

-22.8 

0 

39.37 

CHjOB 

-6.2 

C3 

65 

CHClj 

-24.6 

OC^) 

104.9 

cb 3 ob 

-48.0 

a 2 

28.0 

ch 2 ci 

2811 

°2 . 

0.00 

ch 3 ooh 

-31.3 

CHjS 

3312 

OT 2 C1 2 

-22.8 

OjC ‘-DELTA) 22.3 

CHjOMO 

-13.6 

CHjSCBj 

— -8.9 

cb 3 cl 

- -19.6 

O.^-SIGMA) 37.3 

cB 3 a»o 2 

-28.6 

CBjSSCHj 

-5.8 

cico 

-4.1 

°3 

34.1 

°W°2 

-10.612 

ocs 

-34 

COCl 2 

-52.6 

HO 

9.3 

c 2 a 

135 

r 

18.98 

CFC1 

7*6 

H 0 2 

3±1 

' C 2 a 2 

54.35 

r 2 

0.00 — 

CH 2 F 

-812 

h 2 o 

-57.81 

C 2 H 3 

-88.1 

HF — 

-65.34- — 

- - CBClj 

23.511 

h 2 0 2 

-32.6 

C 2 H 4 

12.43 

BOF 

-23.411 

cfci 2 

-22.9 

H 

113.00 

C 2 a 3 

28.4 

FO 

2612 

CFCIj 

-68.1 

*2 

0.00 

=2 a 6 

-20.0 

ro 2 

1213 

cf 2 ci 

-64.3 

KH 

62.0 

CH 2 CK 

58.6 

F02VO 

-15.2 

CF 2 Cl 2 

-117.9 

jra 2 

43.3 

C3 3 CH 

19.1 

mo 2 

-23.4 

CF 3 C1 

-169.2 

nh 3 

-10.93 

ch 2 co 

-14.23 

FONO, 

2.4 

chfci 2 

-63.1 

NO 

21.57 

ca 3 co 

-5.8 

cf 2 

-4412 

cbf 2 ci 

-115.5 

H0 2 

7.9 

CHjCBO 

-39.’ 

CT 3 

-11211 

C0FC1 

-102*8 

«°3 

17±1 

C 2 a 5° 

-4.1 

<** 

-223.0 

C 2 C1 4 

-3.0 

» 2 ° 

—19. SI 

CHjCHjOH 

-13.2 

FCO 

-41114 

c 2 aci 3 

-1.3 

"2°3 

19.8 

c ? h,oh 

-56.2 

cof 2 

-151.7 

CHjCCLj 

1117 

V* 

2.2 

CHjCOj 

-49.6 

Cl 

28.9 

ca 3 cci 3 

-34.0 

»2°5 

2.7 

C 2 H 5°2 

-1.8 

C1 2 

0.00 

Br 

26.7 

HHO 

23.8 

ca,ooca. 

-30.0 

BC1 

-22.07 

Br 2 

7.39 

hno 2 

-19.0 

S a 5 

39.4 

CIO 

24.4 

EEr 

-8.73 

hho 3 

-32.3 

Vt 

4.8 

ClOO 

22.511 

BOBr 

-1912 

B 0 2 »°2 

-11±2 

n-c 3 a. 

22.612 

OCIO 

2312 

BrO 

23 

ca 

‘ 142.0 

- 

18.212 

' C100 2 ' • 

>13.4 

BrNO 

19.7 

CH 2 

92.3 

C 3 H 8 

-24.84 

C10 3 

37 

BrON0 2 

5±7 

ch 3 

35.1 

c 7 h^ceo 

-44.8 

C1 2 0 

19.5 

BrCl 

3.5 


-17.88 

CBjCOCBj 

-51.9 

C1 2°2 

3115 

CB 2 Br 2 

-2.6 zZ 

CM 

104.0 

ca 3 caca 7 oa 

-18.0 

BOCL 

-18.613 

CB 2 Br 

41x2 

BCN 

32.3 

s 

86.22 

C1HO 

12.4 

CBjBr 

-9.3 

SCO 

38 

S 2 

30.72 

ciao 2 

3.0 

CBBr 2 

45±3 

CO 

-28.42 

as 

34±1 

CIOHO 

19.8 

I 

25.52 

°°2 

-94.07 

a 2 s 

-4.93 

Clow, 

6.3 

h 

14.32 

BCO 

9.0 

so 

1.2 

FC1 

-12.1 

HI 

6.23 

ch 2 o 

-26.0 

*>2 

-70.96 

CC1 

12015 

10 

*1 1 

bcooh 

-90.5 

*3 

-94.8 

ca^ 

36.915 

INO 

29.3 







ibo 2 

14.4 


3 


£ 

$ 
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